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CHAPTER 1: INTRODUCTION
Global sensor market has reached $173.4 billion in 2019 and will keep growing at 13.3%
in the following 5 years as predicted.1 However, nanosensors contributed only $536.6 million, less
than 1% of the total market in 2019.2 The major barrier blocking nanosensors from mass
production and commercialization is the complicated manufacturing process. On the other hand,
one-dimensional (1D) nanostructures, like nanowires and nanorods, have been widely considered
as promising building unit for ultrahigh performance sensors. Their physical and chemical
properties have been widely studied, and various applications have been proposed, including
sensing. Nanowire sensor manufacturing generally goes through two steps: bulk nanowire
synthesis and subsequent device assembly. Bulky synthetic methods for mass production of highly
uniform nanowires and nanorods have been well advanced in recent researches.3-5 Several new
strategies have been brought out to address the challenge in aligning nanostructures on substrates,
including using templates6, microfluidic flow7, layer-by-layer deposition8, Langmuir-Blodgett
technique and electromagnetic field9-10. However, these assembling methods still face challenges
in higher deposition density, larger surface and better orientation control. It will be also more
desiring to synthesize uniform wires directly from the substrate with controlled orientation in one
step.
This dissertation shows research on a new single-step nanowire sensor manufacturing
process based on substrate-directed nanowire manufacturing process developed from seedmediated nucleation and micro-diameter electrode nucleation. The seed-mediated nucleation of
tetrathiafulvalene bromide ((TTF)Br) and Krogmann’s salt (KCP) are investigated through various
characterization methods including atomic force microscope (AFM), scanning electron
microscope (SEM) and cyclic voltammetry (CV) revealing seed size dependency of heterogeneous
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nucleation. To control the geometry of nanowires, micro-disk electrodes and electrochemical
methods were employed to study the mechanism of (TTF)Br nucleation process. CV and
chronoamperometry were used to study the growth of nanowires. In-situ optical microscope, SEM,
Energy Dispersive X-ray Spectroscopy (EDS), and AFM were used to characterize the shape, size
and density of nanowires. These experiments revealed the nucleation mechanism of chargetransfer complexes and gave direction to the sensor substrate design and manufacture.
According to the studies of crystallization and the mass-transfer control processes, it is
possible to deposit charge-transfer complex nanowires onto optical-lithographic substrates in a
controllable way. Sensor performance of the obtained sensors were characterized by being exposed
towards analyte gases, like ammonia, and recording their changes in impedance synchronously.
This dissertation is composed by the following chapters:
Chapter 2 introduces background and reviews of literature. Two topics will be covered,
seed-mediated nucleation theory and nanowire sensors. The first part will introduce the theory of
heterogeneous nucleation and experimental studies. The second part will introduce 1D sensing
materials, different sensor configurations, and applications of charge-transfer complexes in
sensing. These reviews will show the state-of-the-art of these techniques and clarify the challenges
of each topics.
Chapter 3 describes characterization techniques and instruments involved in this research,
including electrochemical methods, AFM, SEM and EDS, and gas sensing set-up and impedance
spectroscopy.
Chapter 4 focuses on seed-mediated nucleation on nanoparticle seeds. On gold nanoparticle
(AuNP) decorated highly oriented pyrolytic graphite (HOPG) substrate, the growth of chargetransfer complex nanowires, (TTF)Br and KCP, is different from the one without AuNPs. The
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presence of AuNPs promotes the formation of the nanowires. SEM and AFM results show the
width of the nanowires is linearly dependent on the sizes or the local curvatures of AuNPs, which
is known as nanoconfinement.
Chapter 5 talks about study of nanowire crystallization on micro-disk electrodes.
Electrocrystallization of charge-transfer complexes was recorded by an optical microscope. A
linear correlation between deposition current and nanowire length was found and it provides a new
method of determining the size of nanowire without microscopy. Micro-disk electrodes of different
sizes allow growth of different numbers of nanowires, where a lower limit number was determined
to be 3-4 on micro-disk electrodes with diameter <1.2 µm. The theoretical models were built, and
the mass-transfer rate was found to be the limit of nanowire growth. This study shows a better
control on size, geometry and density of nanowires.
Chapter 6 discusses the deposition of nanowires on optical lithographic electrodes.
(TTF)Br crystals have been well known for its various compositions of both chemical and
crystallization phases. By varying the deposition potentials, the compositions and crystal structures
of (TTF)Br nanowires will vary accordingly. This chapter will further propose the deposition and
growth mechanisms of charge-transfer complexes on the electrode substrate, providing potentials
of depositing different materials in one solution/process.
Chapter 7 illustrates the sensor manufacturing process and the sensor performances.
Sensors were prepared by electrocrystallization at various conditions, namely, applied potentials
as discussed in chapter 6. The performance of the sensors was tested by exposing the sensors to
different analytes and recording impedance changes at the same time. (TTF)Br nanowire sensors
show >1 ppm detection limits (LOD) towards ammonia gas and fast response at room temperature.
K(def)TCP sensors were found a good candidate for humidity sensing and is able to detect >1%
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relative humidity. Selectivity of sensors were also stressed and both materials show selectivity
accordingly.
Finally, chapter 8 concludes all the studies and provides future directions of improvements.
It can be concluded that seeds determine size, geometry, and density of nanowire crystals formed
from. Sensor fabricated based using seed-mediated nucleation were successful and shows high
sensitivity and selectivity. The new manufacturing method provides a potential scalable nanowire
sensor fabrication pathway. Improvements and suggestions will also be provided for future
research.
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CHAPTER 2: LITERATURE REVIEWS
2.1 Seed-Mediated Nucleation:
2.1.1 Classic Seed-Mediated Nucleation Theory:
Seed-mediated nucleation, also known as heterogeneous nucleation, has been studied for
over seven decades.11-12 It describes nucleation in the presence of foreign particles and the
nucleation energy change. The classic seed-mediated nucleation theory has also been well
developed.11,

13-14

The discussion starts with the homogeneous nucleation process. For

homogeneous nucleation theory, nucleation happens when chemical potential of the mother phase,
such as liquid, exceeds that of solid phase, i.e. ∆𝜇 >0 in equation 2-1:
∆𝜇 = 𝜇𝑚 − 𝜇𝑠 , (2 − 1)
where 𝜇𝑚 is the chemical potential of the mother phase and 𝜇𝑠 is the chemical potential of solid
phase. However, due to the formation of a new phase, surface tension should also be taken into
consideration in the nucleation process. Thus, the new phase formation needs more than ∆𝜇 >0.
Gibbs free energy is employed to study the crystallization process, as equation 2-2:
∆𝐺 = −𝑛∆𝜇 + ∅𝑛 , (2 − 2)
where ∅𝑛 is the surface energy of a particle with n atoms. Assuming the crystal shape is spherical,
we will have equation 2-3:
∆𝐺ℎ𝑜𝑚𝑜 = −

4𝜋𝑟 3
∆𝜇 + 4𝜋𝑟 2 𝛾 , (2 − 3)
3𝑣

where r is the radius of the nuclei, γ is the surface energy, and v is the molecular volume of the
crystalline compound. The plot of ∆𝐺ℎ𝑜𝑚𝑜 vs r (figure 2-1) for homogeneous nucleation shows
that the free energy increases first, reaching a maximum and then decreases. The nucleation will
be spontaneous after reaching the maximum energy and there is a minimum size of nuclei, where
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𝑟𝑐 =

2𝛾𝑣
∆𝜇

2𝛾𝑣

= 𝑘𝑇 ln (1+𝜎), called critical nucleus size, and 𝜎 is the supersaturation.14 The energy at 𝑟𝑐

∗
is the critical nucleation energy, ∆𝐺ℎ𝑜𝑚𝑜
=

16𝜋

𝑣 2 𝛾3

3

[𝑘𝑇 ln(1+𝜎)]2

.

rc, G*homo

G

r

Figure 2-1. Plot of free energy as a function of nuclei radius for homogeneous nucleation theory.

In the presence of a foreign body, i.e. seed-mediated nucleation process, shown in figure
Figure 2- 1. Plot of free energy as a function of nuclei radius for homogeneous nucleation theory.

2-2, the nucleation mechanism and free energy will change. Here a factor, f, is introduced, shown
in equation 2-4.
Figure 2- 2. Scheme of heterogeneous nucleation.Figure 2- 3. Plot of free energy as a function of
∗
nuclei radius for homogeneous
nucleation theory.
∆𝐺ℎ𝑒𝑡𝑒𝑟
(2
𝑓=
,
−
4)
∗
∆𝐺ℎ𝑜𝑚𝑜
∗2- 4. Plot of free energy as a function of nuclei radius for homogeneous nucleation theory.
Figure
where
∆𝐺ℎ𝑒𝑡𝑒𝑟
is the critical energy for heterogeneous nucleation energy. The equation of free

energy for heterogeneous nucleation, equation 2-5, can be derived from modifying equation 2-3
Figure 2-0-2. Scheme of heterogeneous nucleation.

with consideration of interfacial energy.
∆𝐺ℎ𝑒𝑡𝑒𝑟 = −∆𝐺𝑣 𝑉 + 𝛾𝑐𝑓 𝑆𝑐𝑓 + (𝛾𝑠𝑓 − 𝛾𝑠𝑐 )𝑆𝑠𝑐 , (2 − 5)
Figure 25. Scheme
of heterogeneous
nucleation.
where 𝛾𝑖𝑗 and 𝑆𝑖𝑗 are the surface
free
energy and
interfacial area
between phase i and j (c: crystal;

f: fluid; s: seed), ∆𝐺𝑣 is the free energy per unit volume of the new crystal phase and V is the
Figure 2- 6. Scheme of heterogeneous nucleation.Figure 2-0-3. Plot of free energy as a function of
nuclei radius for homogeneous nucleation theory.
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volume of the new phase. The critical radius of the nuclei is 𝑟𝑐∗ = −

2𝛾𝑐𝑓
∆𝐺𝑣

. The critical energy for

heterogeneous nucleation can be developed, equation 2-6:
∗
∆𝐺ℎ𝑒𝑡𝑒𝑟

3
8𝜋𝛾𝑐𝑓
=
𝑓 , (2 − 6)
3(∆𝐺𝑣 )2

θ
Rs

Cluster

Foreign Particle
Figure 2-2. Scheme of heterogeneous nucleation.

Defining two factors, surface property, m (equation 2-7), and normalized size, R’ (equation 2-8), f
can be presented as equation
2-9.2- 26. Scheme of heterogeneous nucleation.
Figure
𝑚 = 𝑐𝑜𝑠𝜃 =

𝛾𝑠𝑓 − 𝛾𝑠𝑐
. (2 − 7)
𝛾𝑐𝑓

𝑅 heterogeneous nucleation.
Figure 2- 27. Scheme
of
′
𝑅 =

𝑟𝑐∗

. (2 − 8)

2

𝑓(𝑚, 𝑅

′)

2

1 − 𝑚𝑅 ′
3(𝑅 ′ − 𝑚)
𝑅′ − 𝑚
=1+(
) + 𝑅 ′3 (2 −
+(
) )
𝑤 Scheme of heterogeneous𝑤nucleation. 𝑤
Figure 2- 28.
+ 3𝑚𝑅 ′2 (

𝑅′ − 𝑚
− 1) , (2 − 9)
𝑤

Figure 2-0-10. Dependence of interfacial correlation function, f(m,R’), on m and R’.Figure 2-0-11.

where 𝑤 = (1 + 𝑅 ′2 − 2𝑅 ′ 𝑚)0.5
.
Scheme
of heterogeneous nucleation.

Figure 2- 29. Scheme of heterogeneous nucleation.
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Figure 2-3. Dependence of interfacial correlation function, f (m, R’), on m and R’.

The plot in figure 2-3 shows the f (m, R’) as a function of both two factors, m and R’. The
Figure 2-0-19. a) scheme of the three possible growth modes for heterogeneous nucleation of metal atoms
on top
seed surface.
TEM
images
b) Stranski-Krastanov
c) Frank-van
der regime
Merwe growth
of
plot
canofbea further
divided
into
threeofregimes
as zero-effecto and
regime,
non-linear
and linear
Figure
Dependence
interfacial
f(m,R’),Reprint
on m and
R’.reference
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face2-0-16.
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at 140 ocorrelation
C and 160 function,
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from
[31] with permission. Copyright
∗ 2017 Wiley-VCH.

regime. When foreign particles are smaller than 0.1𝑟𝑐 , nearly no effect of the foreign particles can
be observed, i.e. foreign particles can be considered not presence. When the size of foreign
Figure 2-20. a) scheme of the three possible growth modes for heterogeneous nucleation of metal atoms
2-17. Dependence
of interfacial
correlation function,
f(m,R’), onder
m and
R’. growth of
on top ofisaFigure
seed surface.
b) Stranski-Krastanov
and
Frank-van
Merwe
particles
beyond
10𝑟𝑐∗TEM
, the images
foreignofparticles
can
be taken
as c)
flat
surface of the
crystal
phase,
o
o
Rh on (111) face of cuboctahedra Pd seeds at 140 C and 160 C, respectively. Reprint from reference
[31] with permission. Copyright 2017 Wiley-VCH.

where the major factor is the surface property of the foreign particles. When the size of foreign
particles isFigure
0.1𝑟𝑐∗2-0-18.
~10𝑟𝑐∗ , Dependence
the relation of
is interfacial
non-linearcorrelation
and changed
according
to on
both
surface
function,
f(m,R’),
m and
R’. property

Figure 2-0-21. a) scheme of the three possible growth modes for heterogeneous nucleation of metal atoms
on top of a seed surface. TEM images of b) Stranski-Krastanov and c) Frank-van der Merwe growth of
and
the size of foreign particles. Whichever the zone is, f ranges 0~1, meaning that the presence
Rh on (111) face of cuboctahedra Pd seeds at 140 oC and 160 oC, respectively. Reprint from reference
[31] with permission. Copyright 2017 Wiley-VCH.

of foreign body reduces the nucleation energy. For the same m, the larger the foreign particles are,
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the more energy are reduced. For the same size foreign body, the higher the m is, the lower the
energy will be.
However, the discussion above focused on thermodynamic of heterogeneous nucleation.
The rate of nucleation is also determined by kinetic. The nucleation rate, J, can be given as equation
2-10.14
𝐽 = 𝐵 × exp ( −

∆𝐺 ∗
) , ( 2 − 10)
𝑘𝑇

where B is the kinetic constant, k is the Kelvin constant and T is temperature in K. The nucleation rate can
be treated as a ‘steady state’ chain approach with consideration of foreign body effect on the dynamic
transporting growth unit.14-15 Here we can give a growth as equation 2-11.
′
𝛼𝑔 𝑛𝑔 − 𝛼𝑔+1
𝑛𝑔+1 = 0 , (2 − 11)

where α is the rate of atom/molecule addition, α’ is the rate of the reverse process and ng is the density of
g-mer. Therefore, it can be expressed as equation 2-12 and the boundary conditions equations 2-13 and214.
′
𝐽′ = 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑛𝑢𝑐𝑙𝑒𝑖 𝑓𝑜𝑟𝑚𝑒𝑑/( 𝑢𝑛𝑖𝑡 𝑡𝑖𝑚𝑒 − 𝑣𝑜𝑙𝑢𝑚𝑒) ≡ 𝛼𝑔 𝑓𝑔 − 𝛼𝑔+1
𝑓𝑔+1 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, (2 − 12)

𝑓𝑔𝑐 = 0, (2 − 13)
lim (𝑓𝑔 /𝑛𝑔 ) = 1 , (2 − 14)

𝑔→1

We can further develop J’ as equation 2-15.
𝐽′ = 𝑓 ′′ (𝑚, 𝑅′)[𝑓(𝑚, 𝑅′)]0.5 𝐵 × exp( −

∗
𝑓(𝑚, 𝑅′)∆𝐺ℎ𝑜𝑚𝑜
), (2 − 15),
𝑘𝑇

with

𝐵 = 4(𝑛1 )2 𝛼𝛽𝑠𝑡 𝑣 (

𝑓 ′′ (𝑚, 𝑅′) =

𝛾𝑐𝑓
𝑘𝑇

1
2

) , (2 − 16)

1 1 − 𝑅′𝑚
+
, (2 − 17)
2
2𝑤
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where 𝛽𝑠𝑡 is the sticking probability. The average nucleation rate in solution depends on both the size and
density of foreign bodies in the system, J = 4πα(Rs)2N0J’, by
s )2

𝐽 = 4πα(R

0 ′′ (𝑚,

N 𝑓

0.5

𝑅′)[𝑓(𝑚, 𝑅′)]

𝐵 × exp[ −

16𝜋𝛾3𝑐𝑓 𝑣2
3𝑘𝑇[𝑘𝑇𝑙𝑛(1 + 𝜎)]2

𝑓(𝑚, 𝑅′)]. (2 − 18)

However, there are two unstated assumptions were made for the classical nucleation theory,
identical physical property regardless size and independent critical nucleus.16-17 These assumptions
bring inaccuracy to the theoretical model, especially when it goes down to nanoscale. Besides, the
nuclei site and local curvature of the foreign body were not taken into consideration.18-23
2.1.2 Seed-Mediated Nucleation at Nano Scale:
The seed-mediated nucleation/growth methods are widely applied in synthesizing shaped
or core-shell structured metal nanoparticles23-29, which provides a closer look at mechanism of
heterogeneous nucleation. Unlike classic seed-mediated nucleation theory, the seed for metal
nanoparticle synthesis consists of numerous atoms, rather than just a sphere. The atoms are
arranged in certain structure, which is the unit cell of crystal. In this case, the seeds can be
considered as continuous flat surface and the nucleation energy will be equation 2-19. 30-31
∗
∆𝐺ℎ𝑒𝑡𝑒𝑟
=

(2 + 𝑚)(1 − 𝑚)2 ∗
∆𝐺ℎ𝑜𝑚𝑜 . (2 − 19)
4

As defined before, m stands for surface property, or contact angle specifically. Different values of
m will bring different growth modes. Three different modes were observed in seed-mediated
growth, shown in figure 2-4a. When γsf is larger than γsc+γcf, the foreign body is favored by the
new phase. The foreign particles will much lower the free energy, resulting in a lay-by-lay growth
of new phase on top of the foreign body, known as Frank-van der Merwe mode. However, if γsf is
smaller than γsc+γcf, the new phase will prefer to form new clusters on top of each other, known as
Volmer–Weber mode. If γsf ≈γsc+γcf, the two process will have equal probability to happen and
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grow in mixed of clusters and layer-by-layer growth, known as Stranski– Krastanov mode. The
experimental shows that by increasing reaction temperature from 140 oC to 160 oC, the new Rh
phase will change from islands to nano cubes on top of Pd nanoparticles (figure 2-4 b and c).31
Another method to change the surface tension is using capping agents, who can bind different facet
with different strength and therefore change the surface properties. Both methods have been
applied in synthesis of various shaped nanoparticles using seed-mediated growth approach.

Figure 2-4. a) scheme of the three possible growth modes for heterogeneous nucleation of metal atoms
on top of a seed surface. TEM images of b) Stranski-Krastanov and c) Frank-van der Merwe growth of
Rh on (111) face of cuboctahedra Pd seeds at 140 oC and 160 oC, respectively. Reprint from reference
[31] with permission. Copyright 2017 Wiley-VCH.

As discussed in the previous section, heterogeneous nucleation is not only controlled by
Figure 2-0-22. a) Scheme of deposition position with different ratio of V / V . b–e) TEM images
of four different types of Pd nanoparticles obtained at different Vdep / Vdiff by synthesizing at b) 0, c)
22, d) 50, and e) 75 oC, corresponding to i) to iv) in (a). The scale bar in (e) applies to all images.
Reprinted from reference [31] with permission. Copyright 2017 Wiley-VCH.Figure 2-0-23. a) scheme
of the three possible growth modes for heterogeneous nucleation of metal atoms on top of a seed
surface. TEM images of b) Stranski-Krastanov and c) Frank-van der Merwe growth of Rh on (111)
face of cuboctahedra Pd seeds at 140 oC and 160 oC, respectively. Reprint from reference [31] with
permission. Copyright 2017 Wiley-VCH.

dep
diff
thermodynamics, kinetic is also important role in determining the growth.
Experimentally,
this can
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a)

Figure 2-5. a) Scheme of deposition position with different ratio of Vdep / Vdiff. b–e) TEM images of four
different types of Pd nanoparticles obtained at different Vdep / Vdiff by synthesizing at b) 0, c) 22, d) 50,
and e) 75 oC, corresponding to i) to iv) in (a). The scale bar in (e) applies to all images. Reprinted from
reference [31] with permission. Copyright 2017 Wiley-VCH.

be characterized by ratio between the rate of deposition (Vdep) and the rate of surface diffusion
(Vdiff).26 When Vdep >> Vdiff, the newly formed atoms will mostly stay at the same spot and promote
Figure 2-0-28. Plots of heterogeneous nucleation rate (1/J) as functions of supersaturation (σ) with

adifferent
site-selected
growth,
shown
figure
a and b. When
Vdep m
<<onVthe
the newlyrate
formed
atoms
contact
angle value,
m.in
The
effect2-5
of interaction
parameter
at different
diff,nucleation
supersaturations. Reprinted from reference 35 with permission. Copyright AIP Publishing.Figure 2-0-29.
a) Scheme
deposition
position of
with
Vdepgrow
/ Vdiff.conformally,
b–e) TEM images
of in
four
different
tend
to moveofacross
the surface
thedifferent
foreignratio
bodyofand
shown
figure
2-5 a
types of Pd nanoparticles obtained at different Vdep / Vdiff by synthesizing at b) 0, c) 22, d) 50, and e) 75
o
C,e.corresponding
to iv)Vin
(a). The scale bar in (e) applies to all images. Reprinted from reference
and
When the Vtodepi)and
diff are not significantly different from each other, the newly formed
[31] with permission. Copyright 2017 Wiley-VCH.

atoms have similar chance to stay at the same site and to move across the surface, shown in figure
2-5 a, c and d. Experimental study has been done on various system, like Pd-Pt 32, Pd-Rh 33 and
Figure 34
2-30.
ofexperiment
heterogeneous
nucleation
(1/J)
functions of supersaturation
(σ) with
Rh-Pt
. AllPlots
these
results
agreerate
with
theasheterogeneous
nucleation theory.
Asdifferent
shown
contact angle value, m. The effect of interaction parameter m on the nucleation rate at different
supersaturations. Reprinted from reference 35 with permission. Copyright AIP Publishing.Figure 2-31. a)
Scheme of deposition position with different ratio of Vdep / Vdiff. b–e) TEM images of four different types
of Pd nanoparticles obtained at different Vdep / Vdiff by synthesizing at b) 0, c) 22, d) 50, and e) 75 oC,
corresponding to i) to iv) in (a). The scale bar in (e) applies to all images. Reprinted from reference [31]
with permission. Copyright 2017 Wiley-VCH.
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in equation 2-18, J is a function of supersaturation, σ, when the seeds shape and size are determined.
The plot of ln(1/J) as a function of [ln (1+ σ)]2 (figure 2-6) shows that at higher supersaturation,
facet with lower m is favored. Lower m means that the facet has higher diffusion rate. Higher
supersaturation stands for high deposition rate. Therefore, at high supersaturation, newly formed
atoms prefer to stay at facet with lower diffusion activation energy, known as kinetic control. In
lower supersaturation, facet with higher m is favored, known as thermodynamic control.35

Figure 2-34. Plots of heterogeneous nucleation rate (1/J) as functions of supersaturation (σ) with
different contact angle value, m. The effect of interaction parameter m on the nucleation rate at
different supersaturations. Reprinted from reference 35 with permission. Copyright AIP Publishing.

According to the heterogeneous theory, the nucleation should not change the symmetry of
31, 36-40
Figure However,
2-6. Plots ofasymmetrical
heterogeneous nucleation
(1/J)happen
as functions
of supersaturation
with The
the seed.
depositionrate
does
in various
systems.(σ)

different contact angle value, m. The effect of interaction parameter m on the nucleation rate at
different supersaturations. Reprinted from reference 35 with permission. Copyright AIP Publishing.

asymmetrical growth happens when the deposition rate is low enough and/or the diffusion
activation energy is sufficiently high within relatively short reaction time.41 By varying injection
Figure 2-6. Plots of heterogeneous nucleation rate (1/J) as functions of supersaturation (σ) with
different
angle value, m. The effect of interaction parameter m on the nucleation rate at
rate of
AgNOcontact
3 (Ag atom precursors), Ag will deposit on six, three or one side faces of cubic Pd
different supersaturations. Reprinted from reference 35 with permission. Copyright AIP Publishing.

seeds (shown in figure 2-7).39 The key used to derive kinetically controlled structures is to
Figure 2-6.
Plots ofof
heterogeneous
nucleation
rate (1/J)
as functions
supersaturation
(σ) with
manipulate
the supply
newly formed
metal atom
by slow
down theofreduction
rate. This
strategy
different contact angle value, m. The effect of interaction parameter m on the nucleation rate at
different supersaturations. Reprinted from reference 35 with permission. Copyright AIP Publishing.

Figure 2-0-35. a) Scheme of symmetry breaking event in bimetallic Pd-Ag nanoparticle system. b)
Symmetric (left) and asymmetric (right) deposited Ag atoms on (100) faces of cubic Pd nanoparticles.
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can also be extended to combinations, like Au on cubic and octahedral Pd seeds.37 The mismatch
of heterogeneous theory is caused by its scope. The theory focuses mainly on the initial and
‘steady-state’ approach. When the foreign particles become binary, the theory begin to fail. What’s
more, the theory assumes the foreign body a smooth boundary, which becomes inaccurate when it
goes to nanoscale.

Figure 2-7. a) Scheme of symmetry breaking event in bimetallic Pd-Ag nanoparticle system. b)
Symmetric (left) and asymmetric (right) deposited Ag atoms on {100} faces of cubic Pd nanoparticles.
c–e) TEM images and element mapping of Ag deposited on c) six, d) three and e) one side faces using
different AgNO3 precursor injection rate. Reprinted from reference [31] with permission. Copyright
2017 Wiley-VCH.

2.2 Nanosensors For Gas Sensing:
This section will cover the following topics, 1D sensing materials, nanosensor fabrication
Figure 2-7. a) Scheme of symmetry breaking event in bimetallic Pd-Ag nanoparticle system. b)
Symmetric
and asymmetric
deposited
atoms on (100)
faces of cubic Pdcomplexes.
nanoparticles.1D
methods and(left)
configurations,
and(right)
current
sensorAg
applications
of charge-transfer
c–e) TEM images and element mapping of Ag deposited on c) six, d) three and e) one side faces using
different AgNO3 precursor injection rate. Reprinted from reference [31] with permission. Copyright
2017 Wiley-VCH.
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sensing materials will focus materials used in gas sensing, and their sensing performances and
mechanisms. Nanosensor fabrications will introduce the whole process of making nanowires and
the assembly of sensors using nanostructure. The current sensor applications of charge transfer
complexes will introduce how their applications in sensing. These sensing applications cover but
are not limited to nanowire gas sensors.
2.2.1 1D Sensing Materials, and Sensor Configuration and Sensing Principles:
1D sensing materials exhibit fascinating properties, like ultra-high sensitivity, fast response,
light weight and low power consumption. They are an important category building block for nextgeneration nanosensors.42-46 Since 1D materials could include different aspect ratios, both
nanowires and nanorods will be both covered in this chapter. Nanowires will be used as a general
term for both high and low aspect ratio 1D structures, except for conductive polymers and carbon
nanotubes. Performances of these sensing materials will focus on ammonia detection. After
obtaining sensing materials, we need to assembly sensing materials into sensors with different
configurations. Common configurations for nanowire sensors include nanowire resistors, fieldeffect transistors (FETs), quartz crystal microbalance (QCM) nanowire sensors, optical-based and
acoustic-wave-based nanowire sensors, and self-powered nanowire sensors. Advantages,
disadvantages, and how different types of sensors work will be covered after introducing each
configuration.
One-Dimension Sensing Materials: The ultra-high surface to volume ratio and unique
electric transportation mechanism bring 1D materials advantages over other sensing materials,
even like monolayer graphene and MoS2.47-49 The most common 1D sensing materials are
elemental semiconductors, transition metals, metal-oxides, carbon nanotubes, and conductive
polymers.50-52
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The most common elemental semiconductors are Si and Ge nanowires.53-56 Since Si is
popular in semiconductor industry, Si nanowires has a high compatibility in electronic
manufacture. The mature technologies to dope and functionalize Si nanowires make it popular in
a
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j

Figure 2-8. a), c), e) and i) SEM images, and g) optical image of sensors with sensing materials of Si,
Ag, ZnO nanowires, polyaniline and carbon nanotubes, respectively. b), d), f), h) and j) are the
dynamic responses towards various concentrations ammonia of the sensors on the left, respectively.

Figure 2-8. a), c), e) and i) SEM images, and g) optical image of sensors with sensing materials of Si,
Ag, ZnO nanowires, polyaniline and carbon nanotubes, respectively. b), d), f), h) and j) are the
dynamic responses towards various concentrations ammonia of the sensors on the left, respectively.
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sensor study.52 A typical sensor of Si nanowire is shown in figure 2-8a.56 These sensors can achieve
high sensitivity towards ammonia and NOx, with detection limit <0.5 ppm and <0.25 ppm,
respectively, figure 2-8b.56 However, Si nanowires are not suitable for sensing applications in
ambient environment due to its passivation in the presence of oxygen/air. Since silica (SiO 2) is
much more stable than Si, SiO2 nanowires have been documented as an ideal sensing material.57
SiO2 nanowires are not only ease of modification and functionalization, which is the same as Si
nanowire, it also has a high biocompatibility, bringing even broader sensing applications. The most
common technique for synthesis of Si/SiO2 and Ge nanowires is chemical vapor deposition (CVD)
process.58 Si and Ge nanowires can also be obtained from a fluid-liquid-solid growth method.57
Transition metal nanowires are more abundant in species, including Pt, Pd, Au, Ag, Cu and
Co. Most of the nanowires are synthesized in solution phase, by chemical etching59 or reductive
cation electrodeposition60-61. However, the transition metal nanowires are found poor sensitivity
in chemical sensing comparing with semiconducting nanowires, namely due to their high
conductivity.62 Some transition metal nanowires do show high selectivity towards certain analytes.
Pt, Au and Pd nanowires excel in hydrogen detection.42, 62 Ag nanowires are good for ammonia
sensing, figure 2-8 c and d.63 Ni and Cu nanowires perform well in carbohydrate sensing64.
Functional Au nanowires can function as biosensing material.65
Metal oxides have been used in chemical sensing extensively, especially in chemiresistive
and FETs configuration. These sensors are always inexpensive and have high resistance towards
caustic and high temperature environment.66 Various compositions are available, including SnO2,
ZnO, TiO2, In2O3, CuO, Cr2O3, and Fe2O3.67-71 The synthesis methods of metal oxide nanowires
are mostly CVD53,

68, 70

and thermal oxidation70,

72

. The sensing mechanism of metal oxide

nanowire sensors has also been well discussed. The sensing mechanism contains steps of surface
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absorption, redox reaction between analyte and surface, carrier concentration variation, and
surface trapping of current carrier.66, 73 The performance of the metal oxide nanowire sensors often
relies on the redox reaction between analytes and nanowire surfaces. To achieve high sensitivity
and fast detection, metal oxide nanowire sensors always need to operate in high temperatures. The
metal oxide nanowire sensors, ZnO nanowire sensor for example, can achieve ppm to sub ppm
ammonia detection within one minute at 300~600 K, figure 2-8 e and f.

69, 71

Therefore, the

limitation of these materials comes from its low selectivity and high operating temperature.62, 66
Carbon nanotubes have also been considered as an excellent candidate for sensing
applications due to its unique mechanical and electrical properties.74-76 Since Dr. Iijima improved
the profile of carbon nanotubes in 1991, there has been widespread researches on its property and
applications.77 Several methods are served for carbon nanotube synthesis, including arc discharge77,
CVD and combustion78-80. CVD is the premier synthesis method with high yield and quality.
Carbon nanotube sensors have been widely used in biological molecule detection81-83, and
industrial and explosive gases sensing84-87, sample shown in figure 2-8 g and h. Their compatibility
of chemical functionalization bring benefits in sensing performance, especially selectivity
enhancement.88 Their aforementioned properties make them possible to be integrated into
electronic circuits.89 Disadvantages of carbon nanotubes are always from its restricted synthesis
condition and complicated integration for sensor manufacture.
Conductive polymers are special 1D sensing material. The linear polymer structure,
without crosslinking, make it 1D.90-92 These polymers are synthesized by different types of
polymerization processes, and can be functionalized before, during or after polymerization process.
The shape of conductive polymers can be developed into thin film or fiber, by process like spin
coating and electrospinning.93-94 The conductive polymers always act as receptor layers.
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Nonfunctionalized conductive polymer are limited to detect small molecules, like ammonia92, 9596

, for example shown in figure 2-9i and j, and cations, like K+ ions97. Functionalization can highly

improve the sensitivity and selectivity.98 However, the main shortcomings of conductive polymers,
like other polymers, are lack of long-term stability and irreversibility. Besides, the conductive
polymers also have low selectivity without functionlizations.99
Sensor Configurations and Sensing Principles: Sensor function is to convert chemical
information into a readable signal, like electrical signals. Different configurations will bring
different behaviors for the same materials and complicity of system. The most common
configurations of chemical sensors are nanowire resistor and FETs for electric signals, QCM for
electrodes
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Figure 2-9. Schemes of a) nanowire resistor, b) nanowire FET, d) optical, e) acoustic wave and f) selfpowered nanowire brushed electrode configurations. c) is an optical image of ZnO nanowires on top
of Au quarts for the QCM configuration. Reprinted from reference [115], [120], [125] and [132] with
permissions. Copyright 2011 Elsevier B.V., 2008 ACS, 2000 Elsevier and 2008 Springer nature.

Figure 2-9. Schemes of a) nanowire resistor, b) nanowire FET, d) optical, e) acoustic wave and f) selfpowered nanowire brushed electrode configurations. c) is an optical image of ZnO nanowires on top
of Au quarts for the QCM configuration. Reprinted from reference [115], [120], [125] and [132] with
permissions. Copyright 2011 Elsevier B.V., 2008 ACS, 2000 Elsevier and 2008 Springer nature.
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mass change signals, optical, and acoustic wave for mechanical signals. Self-powered nanowire
sensors convert energy from environment, like mechanical energy, into mainly electric signals.
Nanowire resistors and FETs are the most common configurations for chemical sensors.
Nanowire resistors are composed of electrodes bridged by one or a mesh of nanowires, shown in
figure 2-9a. When nanowire resistors are exposed to the analytes, the adsorbed molecules will alter
surface status and change the resistance of nanowires. Therefore, gas concentration and/or
composition are indicated by measuring resistance.100-105 Nanowire resistors are widely used for
transition metal nanowires 59, 63, metal oxides nanowires106-108, and conductive polymers101, 104. The
advantage of this configuration is its simple process and reliable design.109-110 Since only resistance
is obtained, selectivity of nanowire resistor sensors highly depends on the sensing materials. FET
configuration is slightly different from nanowire resistors, shown in figure 2-9b. The whole
assembly are on top of a thin oxide layer, which rests on a conducting gate electrode.111 The sensor
structure is different from conventional FETs, where the conductive channels are nanowires
instead of substrate.

44, 112

The FET configurations are most observed in Si or metal-oxide

nanowires sensors. Modifications can also be introduced to enhance the sensitivity and selectivity,
especially for Si materials. When the sensing nanowires are exposed to analytes, the conductance
will change according to the adsorption of molecules. Then the electric signal, current or gate
voltage, will be amplified by the gate-effect of the FET configuration.111, 113 Because conductance
of nanowires can be controlled by the applied gate voltage, FET configurations could achieve
higher sensitivity than that of nanowire resistors.105 The disadvantage is its more complicated
manufacture process. Both configurations, as talked above, are suitable for integration in device
manufacture and compatible with various types of materials, making them desirable for in-situ gas
sensing applications.
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QCMs measures the mass change by auditing the frequency change of a quartz crystal
resonator. A typical QCM nanowire sensor is obtained by growing or depositing nanowire directly
on top of the quartz crystal resonators, shown in figure 2-9c.114-115 According to Sauerbrey
equation (equation 2-20), the frequency change, ∆𝑓, can be converted into the total mass change,
∆𝑚.116
∆𝑓 = −

2𝑓02
𝐴√𝜌𝑞 𝜇𝑞

∆𝑚, (2 − 20)

where f0 is the resonant frequency, A is the piezoelectrically active crystal area, 𝜌𝑞 is the density
of quartz and 𝜇𝑞 is the shear modulus of quartz for the crystal. Studies of ZnO nanowire QCM
sensors show high sensitivities towards various analytes, including humidity23, ammonia117, and
acetone vapors114. As discussed by equation 2-20, the sensing principle of QCM nanowire sensor
is based on the mass change before and after adsorption. Therefore, the selectivity of this type of
configuration is low. The sensitivity, however, can be improved as the electronic technology
develops. Unlike other configurations, QCM can be considered as a platform, rather than just a
component. It owes many advanced characteristics, such as potential of high integration, high
stability and room temperature operation.23, 117-119
Optical and acoustic wave-based nanowires sensors covert the chemical information into
light adsorption signal or wave propagation characters. These two configurations are not common
due to its unique design. Optical nanowire sensors are always composed of light source on one
end, light conducting core, optical fiber and polymers for example, sensing coating shell and a
light reader on the other end, like figure 2-9d. When the sensor is exposed to analytes, the sensing
coating shells will adsorb gas molecules and the light conductance will change, generally reduce,
according to the concentration of target gases.120-123 Acoustic wave nanowire sensor is a dual delay
line system, shown in figure 2-9e. 124-126 It always contains two oscillators, one coated with sensing
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materials and one as reference. When exposed towards analytes, the adsorption can modulate the
wave propagation characters.99, 124 The sensing signal will be processed through the electric system
and read out. Both unique configurations bring high sensitivity, and low manufacture and operating
cost.

120, 122, 127-131

The main shortcomings of these two designs are the requirements of unique

characters of sensing materials, and lack of commercialized platform.
A self-powering nanowire sensor is a system that harvests its operating energy from the
132-134

environment, rather than just sensing component.

One example is to use two brushed

electrodes to convert mechanical energy to electricity, shown in figure 2-9g.132-133 These designs
are attractive for personal electronics and portable sensing applications. Therefore, it is important
to manufacture energy efficient sensors in the future time.
The sensitivity of nanowire sensor is related to the percentage of change upon expose
towards analytes. The conductance changes in metallic and semiconductor nanowire resistors, for
example, can be presented in equations 2-21 and 2-22, respectively. 53, 135
∆𝐺 𝑆𝑢𝑟𝑓𝑎𝑐𝑒
∝
=
𝐺0
𝑉𝑜𝑙𝑢𝑚𝑒

𝜋𝐷𝐿
2

𝐷
𝜋 (2) 𝐿

=

4
, (2 − 21)
𝐷

∆𝐺 ∆𝑛𝑠
=
, (2 − 22)
𝐺0
𝑛0
where 𝐺0 is the original conductance without analytes, ∆G is the conductance change before and
after exposed to analytes, D and L are the diameter length of nanowire, respectively, 𝑛0 is the
initial carrier concentration, and ∆𝑛𝑠 is the carrier concentration change. For metallic nanowire
sensors, the sensitivity is determined by the diameter. For semiconducting materials, since
adsorption only happen at surface, we can also introduce a factor, f. ∆𝑛𝑠 can be presented as a
function of surface carrier concentration, 𝑛𝑠𝑢𝑟
∆𝑛𝑠 = 𝑓𝑛𝑠𝑢𝑟 , (2 − 23)
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and
∆𝐺 𝑓𝑛𝑠𝑢𝑟
=
. (2 − 24)
𝐺0
𝑛0
Therefore, the sensitivity of semiconducting nanowire sensors depends on f and

𝑛𝑠𝑢𝑟
𝑛0

, which

can be taken as the interaction strength and the surface carrier concentration for certain
combinations. If higher sensitivity is desired, some strategy can be a) making the nanowire thinner
to increase surface to volume ratio, b) introducing or increasing the interaction between analytes
and nanowire surface, and c) signal amplifications. 52
Another advantage of nanowire is that the primary signal transfer direction is along the
nanowire axis. If the nanowire diameter is equal or smaller to the Debye length, adsorption of one
molecule can block a whole nanowire, functioning like signal amplifier. The unique structure
single wall carbon nanotube or conducting polymers can also be considered as this case. That’s
why these two materials showed high sensitivities. 136One disadvantage coupled with this sensing
property is sometimes the low selectivity. That’s why functionalization or membrane coating are
important to sensor applications.52
2.2.2 Nanosensor Fabrication Methods:
As discussed above, sensing materials need to be fabricated into certain configurations so
that they can function as a sensor. Generally, the fabrication methods can be classified into two
catalogs, bottom-up and top-down approaches.69, 137 In the following part, both types of approaches
will be introduced, together with their advantages, disadvantages and typical techniques and/or
instruments. It should be noted, though methods are classified, nanosensor manufacture is
complicated. The sensor fabrication processes always involve more than one manufacturing
methods and multiple processes. Therefore, the high cost and low scalability are preventing
nanosensors from commercialization.
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Bottom-up Methods: These methods seek to use unit blocks, such as molecules, atoms or
even clusters, to build up the desired structures through using intermolecular interactions. 52, 138-139
These methods are widely used to generate structures with range of nanometer to micrometer
dimension. Most synthetic methods are bottom-up approaches, like sol-gel approach, vapor-liquidsolid (VLS) approach and molecular self-assembly. Some other approaches are also applied in
semiconductor industry, like vapor phase deposition and atomic layer deposition (ALD). The most
significant advantage of bottom-up approach is its ability to fabricate nanometer structures.
Another advantage is that these approaches can assemble nanowires directly on nearly any surfaces,
including plastic substrates who has low compatibility on complementary metal–oxide–
semiconductor process.8,

140-141

Disadvantages of bottom-up approaches, especially chemical

synthesis, include low capability of hierarchic construction, requiring post synthesis processes,
low batch productivity and batch-to-batch reproducibility.42, 142-143
Sol-gel process is widely used in chemical synthesis of different nano structures, including
nanowires.144-149 It is a wet chemical process with combination of the inorganic colloidal
suspension (sol) and dispersion of sol into continuous liquid phase (gel) to form the desired
structure by certain condition or reaction, oxidation for example.147-149 Therefore, the sol-gel
processes have high flexibility in material choice and low cost in operation. However, due to its
chemical reaction nature, products from this process always need post synthesis treatment. It is
challenging to integrate the sol-gel process directly into current mass product and semiconductor
manufacture process.
VLS process, as indicated by its name, involves three steps vaporization (V), condensation
(L), solidification or crystallization (S).58, 150-156 The first step, vaporization, is to heat the solid
phase materials, metal, semiconducting elements or oxides, to a high temperature so that they will
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become vapors. When the vapor meets the substrate, the vapor will condense into liquid. As the
process goes on, the liquid phase material will further be cooled down to form the solid phase. In
the VLS process, small particles are always added. The presence of particles, functioning as
foreign body, makes solidification easier and guides nanowire formation. The VLS process
happens mainly at the particles, resulting in nanowire growth.58, 154 This process will deposit the
unique out-pointing nanowire on the substrate directly. Since this process generally involves high
temperature and presence of foreign particles, it is less feasible for integrated sensor manufacture.
Other new approaches have been proposed to overcome the disadvantage of using high
temperature, like solution–liquid–solid and solid–liquid–solid growth.152
Molecular self-assembly uses the nature of certain intra/inter-molecular driving forces to
spontaneously assemble the building blocks in absence of outside interactions.157-159 These driving
forces include strong interactions, like H-bond, chemical bond and charge interactions. Therefore,
the self-assembled structure can be designed by manipulating these interactions and molecular
ratios, like DNA chains with designed sequence. Most of these processes can be done at room
temperature. However, the shape of the product is highly determined by precision of experimental
environment control. The usage of biomolecules brings high cost and makes it less applicable for
current semiconducting processes.
Vapor phase deposition has two main categories, CVD and physical vapor deposition
(PVD)160-161. PVD uses high temperature to melt metal or oxides. The melted metal or oxides
forms vapor at low pressure, and the vapor cools down and deposits on the substrate. In the absence
of foreign body, the growth will be thin film. CVD involves extra process to dissociate and react
of molecules in gas phase. CVD is widely used in growth of different types of carbon nanostructure,
like carbon nanotube. ALD was first introduced by Dr. Suntola and Dr. Antson in 1970s.162 The
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process is based on sequential self-terminating surface reactions, which can be taken as a special
case of CVD. It forms atomic thin, high-quality, conformal and uniform layers.163 Since only one
layer of atom is deposited each cycle, the thickness of film is determined by number of cycles run.
Each cycle includes precursor, purge, reactant, and purge four steps164. According to the type of
cycles run, ALD process can also deposit multiple compositions, like metal and oxides, forming
certain composition. Besides, certain structures can also be formed onto the substrate.165-166 All the
three process, PVD, CVD and ALD, have been developed into mature techniques and are widely
used for mass production for 1D materials and nanoscale field effect transistor manufacture.50, 167169

The limits of these methods are from their requirement of high capital investments and material

requirements.
Top-down Methods: These approaches create micrometer to nanometer scale shapes by
reducing or removing materials from larger dimensions with certain functional devices. These
approaches are always known as different kinds of lithography. In the following part, four common
lithography processes will be introduced, including optical lithography, electron-beam lithography,
soft lithography, and scanning probe lithography. All these approaches start with making pattern,
then transferring the pattern onto the substrate and removing extra materials to leave only the
design on the substrate. Therefore, a key advantage is that these processes are a highly controlled,
both the design and the position of the pattern. No assembly is needed after process.170 Another
advantage is the high homogeneity from batch to batch.139 All the processes, together with
deposition methods above, can be repeated by adding and subtracting new layers on top of the
designed pattern making possible for complicated structure. Those are the reasons why lithography
processes are widely applied in semiconductor and electronics industry. The challenge for all
lithography processes is the increasing difficulty when the scale becomes nanometers and
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requiring high resolution. 138, 142 Certain structures become even unavailable, like narrow deep gap
and super sharp corners. These are sometimes limited by the physical property or effect, like
capillary effect. Another challenge is the requirement of high accuracy alignment when making
three-dimension structures or multi-layer structures.
Introduced in to integrated circuits manufacture in 1960’s, optical lithography, or
photolithography, now is one of the most popular micro/nanoscale manufacture method.171 Optical
lithography uses light, generally ultraviolet light, to create pattern on light-sensitive materials, i.e.
photoresists (PRs). The PRs are organic polymers and can be crosslinked (negative) or decompose
(positive) when exposed to light. After exposure, the solubility of the polymer will decrease
(negative) or increase (positive) and the pattern can be developed by using certain solvents or
solutions. Due to the diffraction effect of light, the resolution of optical lithography is limited by
the wavelength of light. The resolution of current optical lithography is 1 µm using light of
400nm.172-173 By using shorter wavelength light, even 32nm X-ray174-175, thinner PRs176 and new
approaches, like resolution augmentation through photo-induced deactivation177-178, the resolution
of optical lithography can be pushed to sub-µm. Comparing with classical optical lithography,
these new approaches are still in lab-scale due to the complicity of equipment and low reliability.
Current breakthrough of semiconductor manufacture is still from using shorter wavelength
ultraviolet light and new structures of field effect transistor.
Electron-beam lithography is similar to optical lithography. Electron beam, instead of light,
is used as the source to decompose the resist polymer.179 According to de Broglie calculation, the
wavelengths of electron at 1eV and 10keV are 1.23 and 0.87nm, respectively. These wavelengths
are much small than 13.5 nm used in extreme ultraviolet lithography.180 Due to the much shorter
wavelength, diffraction effect can be well limited, and therefore the resolution is much lower for
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electron-beam lithography. There are two main limitations of electron-beam lithography.181-182
First, most electro-beam lithography are maskless, which means the pattern writing speed is low.
Though, projection electron-beam lithography has been developed, the scanning rate is still much
lower than that of classical photolithography. Second, electron-beam require high vacuum and the
process is mostly done by SEM. The chamber of SEM is small and at high vacuum, which brings
a long break between samples. Due to the low transfer rate, electron-beam lithography is not wide
applied in commercialized semiconductor manufacture industry yet.
Soft lithography and nanoimprint lithography are similar.183 Soft lithography uses specific
polymer, like poly(dimethyl siloxane) 184, to transfer certain pattern onto the substrate. There are
three main kinds of soft lithography, micro stamping185, stencil patterning and microfluidic
patterning23. These methods use different but flexible materials to generate desired patterns.
Nanoimprinting lithography is based mechanical embossing principle.185-186 The resist materials
generally contain UV or heat curable property, monomer or polymers. There are also three main
types, thermoplastic, photo, and electrochemical nanoimprints. Both soft lithography and
nanoimprinting lithography provide high-through roll to roll manufacture ability and require no
cleanroom equipment.187-188
Scanning probe lithography uses small probes to generate pattern directly onto the
substrate.189-192 The method usually employs scanning tunneling microscopy (STM), AFM, or near
field scanning optical microscopy. These instruments can use different force to move atoms to
designed pattern. Since there is only one small probe doing the pattern transfer work, these
methods are even slower than maskless electron beam lithography. Though the resolution highly
depends on quality of the probe, these lithotherapy processes are able to provide an atomic-level
resolution. Recent development has combines scanning probe lithography with wet chemical or
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reactive ion etching for nanoimprinting molds, which provides potential and wide use for this
technique.193-194
2.2.3 Applications of TTF, tetracyanoquinodimethane (TCNQ) and KCP in Sensing:

Figure 2-10. Molecular structure of TTF (left) and TCNQ (right)

TTF was first discovered and separated in the form of dibenzo-TTF in 1920s.195 After the
discovery of stableFigure
crystal
(TTF)Cl
salts196
, TTF derivatives
more
interests because of
2-0-59.
Molecular
structure
of TTF (left)attracted
and TCNQ
(right)
their unusual stability and electric property197. From then on, over ten thousand related papers were
published focusing on its synthesis. However, TTF derivatives are not popular sensing materials,
Figure 2-60. Crystal structure of (TTF)Br0.76 (Yellow: S, Grey: C, Brown: Br)Figure 2-61. Molecular
of TTF (left) and TCNQ
(right) There are two ways of using
though TTF derivatives have structure
semiconductor/conductor
properties.

TTF molecules in sensing applications, sensing materials and electron shuttles.198-202 To use TTF
as sensing materials generally require modifications to enhance selectivity and/or physical
Figure 2-0-62. Molecular structure of TTF (left) and TCNQ (right)

property. A common way to modify TTF is to make them a crown ether structure, and these sensing
materials detect certain ions or molecules according to the size of the ions. But these applications
are now limited detections in solutions and the molecule modifications are complicated. The other
major application of TTF in sensing is using as electro shuttles, mostly with TCNQ as TTFTCNQ.203-205 TTF-TCNQ complex has a small highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energy gap, making its redox switch easier. In these
applications, TTF-TCNQ complexes are always used as an conductive layer between electrodes
and sensor interface to enhance electron transfer rate or conductivity. This method is mostly
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applied for biosensing, where the membranes used for separating sensing materials and solution
are of low conductivity.
TCNQ is also famous for its special electric property. The most common application of
TCNQ in sensing is also electron transfer agent together with TTF or other organic molecules.
TCNQ are widely applied in amperometry ion or biomolecule sensors.70, 206-208 The designed
molecules or biomarkers bring high selectivity in complicated aqueous environments. TCNQ
molecules can also be added onto the skeleton of mother phase, which can be polymer or carbon
materials.209-211 TTF-TCNQ, modified by other particles or chemicals, has also been synthesized
or deposited onto supporting agent and used as sensors. Another way to use TCNQ molecules is
metal-TCNQ. Metal-TCNQs also show applications in gas sensing, like ammonia and NOx.212-216
However, it is not clear whether the sensing performances are from metal-TCNQ due to the metalTCNQ low stability and metal-oxide impurities. Reaction happens, and the composition of metalTCNQ changes during sensing. CuTCNQ, as one example, has been proved to be oxidized to CuO
when testing NOx and ammonia.212 The instability brings base-line drifting and sensor lifetime
issues. Recent researches use TCNQ molecules doped metal-organic-framework (MOF) as
sensor.217-218 By immersing MOF sensors in TCNQ solution or vapor, TCNQ molecules will dope
MOF crystals. This process will bring conductivity to MOF sensing materials making it feasible
for chemiresistive sensor applications.
The conductivity of charge-transfer complex is determined by its crystal structure, and the
interaction between donors and acceptors. (TTF)Br0.76 crystal structure is shown in figure 2-11.
The TTF molecules (grey and yellow) overlaps with each other. The Br- ions are inserted between
TTF molecules. It should be noticed that Br- layers are missing periodically. The redox potential
between donors and acceptors are closely matched, generally <0.25 V, which makes it possible for
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the charge to transfer intermolecularly.219 When either donors or acceptors are too strong, or the
redox potential between them are too large, the charge will be trapped in one species resulting in
low conductivity. Another factor determining the conductivity is the overlap of molecules.219-220
The conduction along the stack column is much higher than that of across them. Therefore, by
changing donor-acceptor combinations or the crystal structure, it is possible to change the
conductivity. This brings numerous materials/combinations for potential sensing materials.

Figure 2-11. Crystal structure of (TTF)Br0.76 (Yellow: S, Grey: C, Brown: Br)

Figure 3-63. AFM working principles (left) and AFM tip (right).Figure 2-64. Crystal structure of
(TTF)Br0.76 (Yellow: S, Grey: C, Brown: Br)
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CHAPTER 3: EXPERIMENTAL METHODS
3.1 Electrochemical Methods:
Electrochemistry is the branch of chemistry studying the interrelation of electrical and
chemistry effects. There are two electrochemical methods involved in this research in high
frequency, chronoamperometry and CV. Chronoamperometry measures the current change over
time at fixed applied potentials. This method is used to study nanoparticle synthesis and
electrocrystallization of charge transfer complexes. It provides information of growth mechanism
and nucleation process. CV is the reversal experiment in linear scan voltammetry which is carried
out by switching the direction of the scan at a certain time. It provides details of electrochemical
reactions, including oxidation/reduction potentials, equilibrium potentials and reactive surface
areas. This method was employed to study the surface property of working electrode (WE) and
determine deposition conditions of nanoparticles and nanowires.
Two equations are employed in this study, Nernst equation and Cottrell equation. Nernst
equation describes the redox potential of one electrochemical reaction regarding to the standard
electrode potential, activities of the chemical species involved in the half reaction, and temperature.
For a half reaction, equation a, its redox potential can be calculated using equation 3-1.
𝑂𝑥 + 𝑧𝑒 − ↔ 𝑅𝑒𝑑,
𝐸 = 𝐸0 +

[𝑂𝑥]
𝑅𝑇
𝛼𝑜𝑥
𝑅𝑇
) ≈ 𝐸0 +
ln (
ln (
) , (3 − 1)
[𝑅𝑒𝑑]
𝑧𝐹
𝛼𝑟𝑒𝑑
𝑧𝐹

where R is the universal gas constant, T is temperature in K, z is the number of electrons transferred
in the half reaction, F is the Faraday constant, α is the chemical activity, and [Ox] and [Red] are
the concentration of the two species.
We can also calculate the Gibbs Free Energy from E:
∆𝑟𝐺 = −𝑧𝐹𝐸. (3 − 2)
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This equation bridges thermodynamics and electrochemistry, making it possible to control the
overpotential in seed-mediated nucleation by using electrochemical method. Cottrell equation is
the calculation of a diffusion-limited current, id, as a function of time, t, equation 3-3.
𝑖𝑑 (𝑡) =

𝑛𝐹𝐴𝐷𝑜0.5 𝐶𝑜∗
, (3 − 3)
(𝜋𝑡)0.5

where A is the surface area of the electrode, DO is the diffusion coefficient of Ox specie and 𝐶𝑜∗ is
the bulk concentration of Ox specie. The Cottrell equation was used to study and describe the
reaction of TTF.
The most common set-up is three-electrode system, containing WE, counter electrode (CE)
and reference electrode (RE). WE is the electrode where the major or studied reaction happens.
CE provides place where the other half reaction happens and makes the circuit whole. Details of
WE and CE in the research will be provided in each section. RE is an electron couple with a steady
potential and used as a reference point to both WE and CE. Saturated silver chloride electrode
(Ag/AgCl, SCE) were used for aqueous solution study. Silver wires were used as quasi reference
electrode (QRE) for nonaqueous solutions, or micro-litter reactions where standard REs does not
fit. Two-electrode set-up, WE and CE only, were also used for electrical property measurements,
like impedance. RE and CE were combined in these set-ups.
Electrochemical measurements for gold nanoparticle deposition and seed-mediated
nucleation were done using PAP 263A potentiostat from Princeton Applied Research. Microdiameter-electrode research were done by 760e electrochemical workstation from CH Instrument.
Sensor work, including sensor fabrication and performance characterization, were done by CH
Instrument 760e electrochemical workstation.
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3.2 AFM and Kelvin Probe Force Microscopy (KPFM):
AFM is a powerful tool to characterize nano materials and devices, which can provide as
small as 0.1 nm resolution in vertical and 2~10 nm in lateral. An AFM contains probes or tips, a
laser beam and detector, and a piezo scanner. The working principle of AFM is shown in figure 31. An AFM probe contains a sharp tip, shown in figure 3-1 right, at the end of a flexible cantilever
which has a specific spring constant. A laser beam focuses on back of the cantilever and is reflected
to a photodiode detector. The detector can tell the position of the laser beam. When the probe scans
over sample, interactions between sharp tip and surface displace the cantilever. The interaction
force can be calculated by Hooks’ Law. Therefore, the displacements can be monitored by the
laser beam movement on the detector. The piezo scanner will change its position maintaining same
force. Then the piezo movement, direct related to the potential change, will be converted to height
information and recorded. Since no vacuum is required for operating, AFM can image nearly any
surface in ambient condition or even solutions. AFM also has compatibility to work with other
techniques, like electrochemistry, as an in-situ characterization method. However, the imaging
process of AFM is done line by line. The imaging rate of a commercialized AFM is always low,

Figure 3-1. AFM working principles (left) and AFM tip (right).

Figure 3-1. AFM working principles (left) and AFM tip (right).
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making AFM not ideal for characterizing fast changing surfaces. The size of images is limited to
150*150 µm in lateral dimension and 5~20 µm in vertical dimension according to the scanner. The
tip condition also play an important role in the quality of image.
AFM can be operated in three modes: contact mode, tapping mode and peak force mode.
Contact mode AFM operates by sliding the probe tip across the sample surface while monitoring
the change in cantilever deflection with a split photodiode detector. Tapping mode AFM operates
by tapping the surface lightly with an oscillation across the sample surface. The oscillating
frequency is chosen 5~10% below its resonance frequency with amplitude ranging from 20 nm to
100 nm. Peak force mode was developed and available only in recent years. Instead of keeping
constant force or distance, the tip was kept approaching and withdrawing. When the force reaches
set point in the approaching process, which is also a certain force, the piezo information was
recorded.
KPFM is a type of non-contact AFM. A biased alternating current signal is applied when
tapping, shown in equation (3-4).221
𝑖(𝑡) = (𝑉𝑏𝑖𝑎𝑠 + 𝑉𝐶𝑃𝐷 )𝜔∆𝐶 𝑐𝑜𝑠𝜔𝑡, (3 − 4)
where Vbias is the biased potential, VCPD is contact potential differences, and 𝜔 is the vibrating
frequency of applied alternating signal. The biased potential is always tuned as -VCPD. The surface
potential difference will also be measured and recorded when imaging samples. Therefore, KPFM
can be employed studying surface charge change which can indicate the sensing mechanisms.
In this work, AFM and KPFM were employed for study electrode surface, crystal size and
sensing mechanism. All AFM measurement were done by Dimension 3100 AFM (VEECO)
operating in tapping or contact mode in air. The height, amplitude, and phase images were obtained
using silicon tapping tips (nanoScience Instruments, VistaProbes T300) with resonance frequency
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of 300 kHz and a nominal tip radius less than 10 nm. For contact mode, Al-coated silicon tips with
a resonance frequency of 12 kHz were used. The scan rate is 0.1–3 Hz. Integral and proportional
gains are approximately 0.4 and 0.8, respectively. Height images are plane fit in the fast scan
direction with no additional filtering operation.
3.3 SEM:
SEM images sample surfaces by scanning with a high-energy electron beam and detecting
the reflected electrons. SEM typically use electron with energy of 1 - 50 KeV and generates images
with a resolution of 10~200nm. SEM can only give the information of lateral dimension of the
sample surface. If the sample is nonconductive, accumulation of electrostatic charges happens on
the surface and may burn the sample. For nonconductive samples, an ultrathin coating of
electrically conductive materials, like gold, needs to be deposited on the sample by low vacuum
sputter coating or high temperature evaporation to avoid the charge accumulation. Field Emission
Scanning Electron Microscopy (FESEM) uses field-emission cathode in the electron gun which
provides narrower probing beams at low electron energy (0.5 - 30 kV) to minimize sample
charging and damage. FESEM is capable of characterizing sample surface with clearer, less
electrostatically distorted images and the resolution can go down to <1 nm. EDS is an analytical
technique associated with SEM and used for the elemental composition analysis. A high-energy
beam of electrons, protons, or X-rays is used to stimulate the emission of the characteristic X-rays
from the inner shell of a specimen leaving an electron hole. An electron from an outer shell will
fill this vacancy and release some energy in the form of X-ray. A semiconducting detector (SiLi)
at low temperature measures the X-ray photon energy as the electron beam scans across the sample.
The number and energy of the X-ray give the energy difference between the two shells and provide
the chemical composition information of the sample.
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In this work, the nanostructures of the AuNPs and charge transfer complexes on the HOPG
or sensor substrate are characterized by FESEM (JEOL JSM 7600F SEM) which was operated at
15 kV, with working distance of 7~9 mm, and probe current of ~11 μA. The elemental
compositions of the nano structures are obtained by in EDS attached to the FE SEM at 15 kV in
the secondary electron mode.
3.4 Optical Lithography:
Lithography are methods of transferring a two-dimensional pattern to a flat substrate.
Optical lithography uses high-dose UV-light to print pattern on mask onto wafers coated with light
sensitive polymer, PRs. The line resolution can achieve 2 μm by contact method and <0.5 μm by
project method. Two different PRs were applied, SPR220 and Shipley 1813. SPR 220 is faster to
remove but may leave small strips on the sensor, which is not ideal for small features. Shipley
1813 needs extra layer of lift-off resist (LOR) and longer time to lift off. But it shows sharper
outlines for small feature. Detailed process of optical lithography involved in this work are as
below. The wafers were washed, dried and baked at 120 oC to clean and dehydrate. To apply, SPR
220, a layer of hexamethyldisilane (HMDS) was first spin coated to enhance the adhesive of SPR
220. Then SPR 220 was spin coated at 3,300rpm for 45s, followed by baked at 115 oC for 2min.
To apply Shipley 1813, LOR was first spin coated at 4,000rpm for 30s, followed by baked at 190
o

C for 5min. Then, Shipley 1813 was spin coated at 4,000rpm for 30s, followed by baking at 110

o

C for 4min. After applying PRs, the coated wafer was exposed in contact mode with 350W UV

light for 5.5s. The exposed patterns were then developed using AZ-726 developer. The developed
substrate was coated with 10nm Cr and 200nm Au by PVD. After deposition, excess film, together
with PRs, was lifted off by soaking in remover PG for 30 min at 80 oC and 12 hr at room
temperature for SPR 220 and Shipley 1813, respectively.
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3.5 Gas Sensing and Impedance Spectrum:
Gas sensing characterizations are required for this research. The setup scheme is shown in
figure 3-2. Analyte gases are from either pre-mixed gases or bubbler. The high concentration gases
will be then diluted into desire concentration by mixing with carrier, like N2 in the scheme. The
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Figure 3-2. Scheme of sensor performance characterization.

dilute ratios from bubbler are determined by the three mass flow controllers and can be calculated
by equation 3-5.

Figure 3-2. Scheme of sensor performance characterization.

P∗ × L
760 − L
𝐶(𝑝𝑝𝑚) =
× 106 , (3 − 5)
L
∗
′
P × 760 − L + L + L
Figure 3-2. Scheme of
sensor performance characterization.
where P* is the vapor pressure of analyte, L is the flow rate of analyte, and L’ is the diluting carrier
gas flow rate. Then the analyte gases will be introduced into a small chamber where the sensor is
Figure 3-2. Scheme of sensor performance characterization.

place. The sensing signal will be recorded by data acquisition and analysis system.

Figure 4-0-8. Cyclic voltammetry obtained for different concentration of HAuCl4, 0.1, 0.5, 1.0, 5.0
and 10 mM with 0.1 M KCl. The scan range is -0.5V to 1.5V and the scan rate is 0.1 V/s.Figure 3-0-9.
Scheme of sensor performance characterization.
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In this research, impedance change is used as signals. Impedance is the measure of the
opposition that a circuit presents to a current when alternating voltage is applied. Impedance, Z, is
a complex number containing a real part, resistance, R, and an imaginary part, inductance or
capacitance, X. Phase change, θ, describes the shift of potential. The relation between all those
components are:
|𝑣| = |𝑖||𝑍|, (3 − 6)
𝜑𝑣 = 𝜑𝑖 + 𝜃, (3 − 7)
|𝑍| = √𝑅 2 + 𝑋 2 , (3 − 8)
𝑋
𝜃 = arctan ( ) , (3 − 9)
𝑅
𝑅 = |𝑍| ∙ 𝑐𝑜𝑠𝜃 , (3 − 10)
𝑋 = |𝑍| ∙ 𝑠𝑖𝑛𝜃 , (3 − 11)
where V is the voltage and I is current. Both 𝑖 and 𝑣 are current and voltage as functions of time.
As shown in the equations above, the inductance and capacitance own relation with
frequency but resistance does not. If the impedance is measured at different frequency, we can get
the Bode Plot which gives the electronic property of the sensor. Further, a resonant circuit can be
design which will provide us more information and may lower the detection limit.222
To measure the impedance, HP4284A LCR meter is used. In my proposed, the impedance
at frequency range of 2Hz~100kHz will be measured. The impedance change of the sensor will be
measured at the frequency of 1kHz.
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CHAPTER 4: ELECTROCRYSTALLIZATION OF CHARGE-TRANSFER
COMPLEXES ON GOLD-NANOPARTICLE-DECORATED HOPG
ELECTRODES
4.1 Introduction:
1D nanostructure, like nanowires, nanorods and nanobelts, have unique electronic,
optoelectronic, electromechanical and electrochemical properties, providing them potentials
applications in nanodevices.223-225 The majority 1D materials being investigated are the inorganics.
Organic materials also have high potentials in flexible, inexpensive and energy friendly
nanodevice fabrications.226 However, the major gap blocking 1D organic materials from
applications in nanodevice fabrication is the lack of scalable processing methods.227 Inorganic 1D
materials can be synthesized and deposited on the substrate in two steps.63, 69-70, 73 Organic 1D
materials, except carbon nanotubes, macromolecules and conductive polymers, face challenges of
losing original shapes or structures due to their flexible skeleton when being transfer.76-77, 93-94
Seed-mediated nucleation process provides a new approach for 1D organic nanodevice
fabrications.228-229 As discussed in chapter 2, this process has been studied for classical theory and
inorganic nanoparticle synthesis.14,

24, 26-29, 37, 41

nanowire synthesis, like VLS approach.58,

It has also been widely applied in inorganic

150, 152-153, 156

Our previous research has also

demonstrated seeds, like CdSe, CdS and AuNP, can direct n-carboxylic acid nanorods nucleation
by spin-coating methods.230-232 These studies have also revealed the impact of terminal molecules
on the orientation of the organic nanorods, providing a new approach for fabricating 1D nano
structures. This approach, however, did not solve the problem of transferring the flexible structures.
Spin coating and crystallization caused by vaporization make it hard to control and precisely repeat
the process.
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In this chapter, electrocrystallization is proposed to synthesize charge transfer complex
nanowires of high purity using the seed-mediated nucleation concept.233 The primary driving force
of electrocrystallization is overpotential, which can be precisely controlled by applied potential
with electrochemical workstation. Charge transfer complexes were chosen due to their welldocumented structure and outstanding electric property.234-235 Their solubility and low vapor
pressure prevent them from being integrated into devices.236 In this chapter, the main focuses are
controlled electrocrystallization on AuNP decorated electrodes.
4.2 Experiments:
Materials:
HAuCl4·3H2O (>99.9%, Aldrich), KCl (ACS grade, Fisher Scientific), TTF (97%, Aldrich),
tetrabutylammonium bromide (TBAB, ≥99%, Fluka), and acetonitrile (CH3CN, 99.9%, Fisher
Scientific) were used as received. HOPG (ZYB grade, 1 × 1 cm2) was purchased from MikroMasch
and used with freshly cleaved layer by adhesive tape just before experiments.
Electrochemical Measurements:
All electrochemical measurements were performed using PAP 263A potentiostat. HOPG
or AuNP-decorated HOPG were used as the WE. Pt wire (diameter = 0.25 mm) were used as the
counter electrode (CE). Ag wire (diameter = 0.25 mm) were used as QRE.
AuNP Electrodeposition:
AuNPs were deposited onto HOPG using solutions containing 0.01−10 mM HAuCl4 and
0.1 M KCl as the supporting electrolyte.228 All solutions were deoxygenated by purging with N2
for 10 min prior to use. The applied potentials were -0.7 to 0.1 V for 0.01 to 10 s. The
electrodepositions were conducted using freshly cleaved HOPG at room temperature. After
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electrodeposition, the AuNP-decorated HOPG was rinsed with deionized water and dried under
N2.
(TTF)Br Electrocrystallization:
Electrocrystallization of (TTF)Br nanowires was conducted in acetonitrile solution
containing 5 mM TTF and 0.1 M TBAB following literature.237 The applied potential was 0.6 V
for 4 s on either HOPG or AuNP-decorated HOPG at room temperature followed by rinsing with
ethanol and dried under N2.
KCP Electrocrystallization:
Electrocrystallization of K(def)TCP was carried in aqueous solution containing 0.07 M of
K2Pt(CN)4 by applying a potential pulse of 1.5 V for 1 s.238 The substrate was rinsed with ethanol
and dried under N2 after electrocrystallization.
AFM Measurements:
The nanocrystals were characterized with a Bruker Dimension 3100 AFM. Both tapping
and contact modes were used. For the tapping mode, silicon tips with a resonance frequency of
300kHz were used. For contact mode, Al-coated silicon tips with a resonance frequency of 12 kHz
were used. Both were from nano Science instruments. Size analysis of the nanoparticles was done
with NanoScope software.
FESEM:
The nanostructures deposited on the HOPG were characterized by FE SEM (JEOL JSM
7600F SEM). The acceleration voltages were 5 and 15 kV with a working distance of 8 mm and
probe current of 6~7 μA. The elemental composition data were obtained by EDS module attached
to the FESEM with the EDAX Genesis v6.33 software.
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4.3 Results and Discussions:
4.3.1 AuNP deposition:
In order to obtain AuNP of different sizes on HOPG, it is necessary to study the deposition
conditions, including solution concentrations, applied potentials and pulse time. The
0
−
electrochemical reduction of HAuCl4 is shown in equation (4-1) and 𝐸𝐴𝑢𝐶𝑙
= 0.761 𝑉.239
4 /𝐴𝑢(0)

𝐴𝑢𝐶𝑙4− + 3𝑒 − → 𝐴𝑢(0) + 4𝐶𝑙 − , (4 − 1)
According to Nernst Equation of 𝐴𝑢𝐶𝑙4− ,equation 4-2, equilibrium reduction potential for solution
containing 0.1 – 10 mM HAuCl4 with 0.1 M KCl is calculated to be 0.77±0.02 V.
0
−
𝐸𝑒𝑞 = 𝐸𝐴𝑢𝐶𝑙
+
4 /𝐴𝑢(0)

[𝐴𝑢𝐶𝑙4− ]
0.059
log
. (4 − 2)
[𝐶𝑙 − ]4
𝑛

The deposition potential range for AuNP onto HOPG was determined by using CV measurements.
Shown in figure 4-1a, all solutions containing 0.1 -10 mM HAuCl4 and 0.1 M KCl show oxidation
peaks at 1.0 – 1.2 v and reduction peaks 0.50 – 0.75 V. As HAuCl4 concentration increases, the
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Figure 4-1. Cyclic voltammetry obtained for different concentration of HAuCl4, 0.1, 0.5, 1.0, 5.0 and
10 mM with 0.1 M KCl. The scan range is -0.5V to 1.5V and the scan rate is 0.1 V/s.
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oxidation peak shifts towards a more positive value and the reduction peak shifts towards to a more
negative value. The crossover potentials of both forward and backward scans, (Eco), are 0.77±0.05
V, which are close to the calculated Eeq values.

Figure 4-2. SEM and AFM images of AuNPs deposited at a) and d) 0.1 V, b) and e) -0.3V and c) and
f) -0.7V for 10 ms in aqueous solutions containing 0.1 M KCl and 0.1 mM HAuCl4, respectively.

The first variable to study is the applied potentials. Considering the reduction peaks for all
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∆𝜇 = 𝑧𝑒|𝜂|, (4 − 3)

Figure 4-2. SEM and AFM images of AuNPs deposited at a) and d) 0.1 V, b) and e) -0.3V and c) and
f) -0.7V for 10 ms in aqueous solutions containing 0.1 M KCl and 0.1 mM HAuCl4, respectively.
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where z is the valence of ions, e is electron charge, and η is the overpotential which equals the
difference between the applied potential and Eco.241 As the applied potential become more negative,
driving force become stronger and the critical radius become smaller.
The second variable studied was the deposition time. The applied potentials were fixed at
-0.3 V and pulse time varied from 10 ms to 1 s. The solutions were kept the same, containing 0.1
mM HAuCl4 and 0.1 M KCl. The average size of AuNPs increases, from 10.8 nm to 21.9 nm in
vertical direction, with a decrease of seed density, from 12.9 particles/µm2 to 6.8 particles/µm2.
The size increase is contributed by more Au (III) reduced to Au (0) as time elongated. The particle
density decrease in longer time is attributed by Ostwald ripening, where small particles dissolve
into the solution.
Last, the concentration of HAuCl4 in solutions was studied. The applied pulses were fixed
at 10 ms and -0.3V for all the cases. The depositions were done with solutions containing 0.1 M

Figure 4-3. AFM and SEM images of AuNPs deposited at -0.3 V for 10 ms with solutions containing
0.1 M KCl and a) 0.1 mM, b) 0.5 mM, c) 1 mM, d) 5 mM and e) 10 mM, respectively. Z scale of
AMF images are 20 nm for a), 50nm for b) and 100nm for c)-e). Scale bars of inserted SEM images
are 100nm for a) and b), 200nm for c) and 500 nm for d) and e).

Figure 4-3 AFM and SEM images of AuNPs deposited at -0.3 V for 10 ms with solutions containing
0.1 M KCl and a) 0.1 mM, b) 0.5 mM, c) 1 mM, d) 5 mM and e) 10 mM, respectively. Z scale of
AMF images are 20 nm for a), 50nm for b) and 100nm for c)-e). Scale bars of inserted SEM images
are 100nm for a) and b), 200nm for c) and 500 nm for d) and e).
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KCl and HAuCl4 at 0.1 mM, 0.5 mM, 1 mM, 5 mM and 10 mM, respectively. Figure 4-3 shows
AFM images of the HOPG substrates with deposited AuNPs. At concentration lower than 1 mM,
the shapes of the AuNPs were close to semi-spherical, figure 4-4 a and b, and the size slight
increase from 10.8 nm to 22.2 nm in vertical direction. As HAuCl4 concentration passed 1 mM,
the shape of AuNPs turns into dendrites, matching previous report.242 On the other hand, though
the vertical dimension did not change too much, the horizontal dimensions become > 1 μm.
Above all, AuNPs can be direct deposited onto HOPG electrode by electrocrystallization.
The shape and morphology of AuNPs are primarily determined by the concentrations of HAuCl4.
These AuNP decorated HOPGs will be used as electrodes for charge transfer complex depositions
in the following sessions.
4.3.2 (TTF)Br Electrocrystallization on AuNP Decorated HOPG Electrodes:
(TTF)Br nanowires can be obtained by oxidizing TTF electrochemically at the anode
surface in the presence of Br- ions. The reaction can be described by equation 4-4

242-244

and its

0
229
equilibrium potential, 𝐸𝑇𝑇𝐹
.
+ /𝑇𝑇𝐹 , is 0.40 V (vs. Ag/AgCl)

(1 − 𝑥)𝑇𝑇𝐹 + 𝑥𝑇𝑇𝐹 + + 𝑥𝐵𝑟 − → 𝑇𝑇𝐹𝐵𝑟𝑥 (𝑠). (4 − 4)
Since TTF bromide charge transfer complex is well known as a mixed-valence salt with TTF/Br
ratio 0.72 – 0.80245, (TTF)Br is used to stands for any (TTF)Brx for further discussion in this section.
(TTF)Br crystals were deposited onto bare HOPG using acetonitrile solution containing 5
mM TTF and 0.1 M TBAB, and applied potential 0.60 V for 4 s. As shown in figure 4-4a, the
primary morphology of (TTF)Br crystals on bare HOPG is needle-like shape caused by its
molecular structure. 228, 244 The (TTF)Br is 1.07±0.35 µm in width and 27±8.5 µm in length. The
aspect ratio, length to width, ranges from 13.5 to 30.3. The height measured by AFM is 320±48
nm, showing the belt structure of (TTF)Br. The composition of (TTF)Br crystals were determined
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by EDS, where S/Br ratio was 5.4±1.2, meaning (TTF)Br0.61~1.25. The wide range is expected and
will be discussed in chapter 6.

Figure 4-4. SEM images of (TTF)Br nanowires deposited on a) bare, b) Au particles decorated and c)
Au cluster decorated HOPG electrodes. The applied potentials were 0.60 V for 4 s and the acetonitrile
solutions containing 5 mM TTF and 0.1 M TBAB.
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observed (DAuNP), where WTTFBr ≈ 0.45DAuNP (figure 4-5a). This result is close to previous study
on (TTF)Br nucleation on Pt nanoparticle decorated HOPG, whose coefficient is 0.4

242

, but

slightly higher than our pervious study. For dendrites AuNPs, the correlation is not between the
WTTFBr and the overall diameter but the local curvature (figure 4-5b). Local curvature is determined
by measuring the diameters of dendritic tips which (TTF)Br crystals attached. The two plots, in
figure 4-5, and correlations point to local curvature confinement on nucleation rather than the
global seed size. The possible reason of the size confinement is the strain energy between crystal
and curved seed surfaces.246 The high local curvature brings high interfacial stain which will limit
cross-section area. The high interfacial strain is also supported by the unattached (TTF)Br
nanowires in the vicinity of AuNP seeds. Similar phenomena were observed in other nano-seed
nucleation study.230, 246 The orientation of the crystal show both tangential and radial directions,
and the tangentially oriented (TTF)Br nanowire is significantly lower in numbers than that of radial
oriented ones. The orientation of nanowires indicates higher probability of parallel molecule
attachment to the AuNP seed surface, similar to (TTF)Br crystallization on bulk Au electrode. 247
4.3.3 K(def)TCP Electrocrystallization on AuNP Decorated HOPG Electrodes:
The seed-mediated nucleation process can be applied not only to (TTF)Br, but also to other
charge transfer complex, like Krogmann’s salts. The seed-mediated nucleation of K(def)TCP was
studied using AuNPs decorated HOPG as working electrode as well. The equilibrium potential of
0
Krogmann’s salt, K2Pt(CN)4, 𝐸𝑃𝑡(𝐶𝑁)
2− /𝑃𝑡 is 0.59 V (vs. Ag/AgCl). Electrocrystallization of
4

K(def)TCP can be carried out on the anode electrode, following the reaction in equation 4-5.
−
1.75𝐾 + + 𝑃𝑡(𝐶𝑁)2−
4 + 1.5𝐻2 𝑂 → 𝐾1.75 𝑃𝑡(𝐶𝑁)4 ∙ 1.5𝐻2 𝑂(𝑠) + 0.25𝑒 (4 − 5)

The Pt in the complex is partially oxidized from Pt(II) to Pt(2.25). The applied potential is 1.5 V
(vs Ag/AgCl) for 0.1 s in aqueous solution containing 0.07 M K2Pt(CN)4.238
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a
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Figure 4-32. SEM images of K(def)TCP crystals on a) bare and b) AuNP decorated HOPG. Applied
potentials used were 1.5 V 0.1 s and the solutions were aqueous with 0.07 M KCP.
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Figure 4-35. Plots and trend lines (red solid line) of Width of K(def)TCP nanowire attached to AuNP
as a function of diameters of attached particles.Figure 4-36. SEM images of K(def)TCP crystals on a)
bare and b) AuNP decorated HOPG. Applied potentials used were 1.5 V 0.1 s and the solutions were
aqueous with 0.07 M KCP.
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interaction is much stronger in (TTF)Br crystals than that in K(def)TCP. When it comes to the
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Figure 4-6. Plots and trend lines (red solid line) of Width of K(def)TCP nanowire attached to AuNP
as a function of diameters of attached particles.
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aspect ratio still agrees with their bulk properties. This study also contributes to the understanding
of nano-device manufacture and provides possible method for one-step manufacture of organic
nanowires.
Contributions from Xuecheng Yu to this work are obtaining CV measurements, AuNP
deposition and data analysis.
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CHAPTER 5: ELECTROCRYSTALLIZATION OF CHARGE-TRANSFER
COMPLEXES ON MICRO-DISK ELECTRODES
5.1 Introduction:
One step synthesis of uniform and orientation-controlled nanowires are desirable for
improving nanowire sensor manufacture.229 One group of promising materials is charge transfer
complex. In past decades, these materials have been intensely studied for their unique 1D electric
property and growth mechanism.248-251 Two of their properties caught our interests. First, charge
transfer complex micro/nanowires can be directly deposited onto substrates via one-step
electrocrystallization in ambient conditions.252 This property was not observed for other popular
1D sensing materials, like metal-oxides nanowire and carbon nanotubes. Secondly, charge transfer
complex nanowires have been shown rapid and reversible changes in conductivity in response
towards ammonia and solvent vapors.253 Previous chapter has shown electrocrystallization of
charge transfer complex on AuNP decorated HOPG, which potentially simplifies sensor
fabrication process. The uniformity, density and alignment of the deposited nanowires remains
challenging for scalable manufacture.
In this chapter, a simple mass transfer based method is introduced to address these
challenges. Micro-disk electrode is employed here for the various reasons and considerations. First,
the uniform growth of (TTF)Br nanowires can be ensured by the steady mass transfer of the
reactant which fluctuates on bulk electrode. Second, the high round shape micro-disk electrode
provides radial symmetry for the preferred radial orientation of (TTF)Br nanowires. Third, a higher
aspect ratio is promoted by the non-uniform TTF flux across the micro-disk electrode, where the
flux at edge is higher than that close to the center. Finally, the wire density is adjustable by the
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size of micro-disk electrode. The new approach provides a scalable fabrication method for charge
transfer complex nanowire sensors.
5.2 Chemicals and Experiments:
Chemicals and Materials:
TTF (Sigma-Aldrich, 97%), TBAB (Sigma-Aldrich, 98%), Tetrabutylammonium
hexafluorophosphate (TBAPF6, Sigma-Aldrich, 98%), and acetonitrile (Sigma-Aldrich, anhydrous)
were purchased and used without further purification. Glass capillary (o.d./i.d.: 1.65/1.10 mm; soft
temperature: 785◦C) was purchased from Dagan Corporation. Pt wire (25 μm diameter, 99.95%)
was purchased from Alfa Aesar. W wire (250 μm diameter, 99.95%) were purchased from
Solutions Materials. Pt film coated Si wafer (SiO2/Ti/Pt thin film on Si (100) (P-type) substrate
was purchased from MTI Corporation. Polishing kit, including sandpaper, polishing pad and 30 500 nm Al2O3 power, were purchased from CHI Inc. Deionized water (18.2 M/cm, TOC < 3 ppb)
were purified from tap water using PURELAB system.
Fabrication of Pt Micro-Disk Electrodes with Diameters of 25 μm and Below:
A Pt wire (25 μm in diameter) was attached to a W wire using conductive epoxy followed
by being inserted into a glass capillary and thermally sealed. Then the sealed Pt wire was polished
till the Pt micro-disk exposed and smooth using the polishing kit.
Smaller (<25 μm in diameter) micro-disk electrodes were fabricated using a similar
method.254 The difference is that prior to the thermal sealing, one end of Pt wire was sharpened
using 100 Hz 4 V sinusoidal wave in aqueous 15 wt% CaCl2 solution. The Pt micro-disk electrodes
were cleaned using DI water, followed by thermally sealing and polishing as mentioned above.
The obtained diameters vary from ~200 nm to 12 μm depending on polishing time.
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Electrochemistry:
All electrochemical studies were carried out by three electrode system using CHI 660e
electrochemical workstation. The micro-disk electrodes or Pt film were used as working electrodes.
Ag/AgCl electrode in saturated KCl was chosen as the reference electrode for it was reported as
one of the most stable reference electrodes in acetonitrile solutions.
SEM and AFM analysis:
The morphology of (TTF)Br wires was characterized by FESEM and contact mode AFM
using conditions mentioned in chapter 3. The software ImageJ and NanoScope Analysis 1.5 from
Bruker were used for data analysis of FESEM and AFM, respectively.
5.3 Results and Discussions:
5.3.1 Electrodeposition of (TTF)Br Nanowires on Pt Film Electrodes:
𝑜
Though 𝐸𝑇𝑇𝐹
+ /𝑇𝑇𝐹 = 0.40 𝑉 vs Ag/AgCl as shown in figure 5-1, the low solubility of

(TTF)Br nanowires could shift the oxidation potential to negative potentials. In order to obtain
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Figure 5-1. Cyclic voltammetry obtained from acetonitrile solution containing 5 mM TTF and 0.1 M
TBAPF6. The scan range is -0 to 1.0V and the scan rate is 0.1 V/s.

Figure 5-1. Cyclic voltammetry obtained from acetonitrile solution containing 5 mM TTF and 0.1 M
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well shaped (TTF)Br nanowires and given the requirement of observation of growth, the applied
anodic potentials were fixed at 0.2V (vs Ag/AgCl). 255-256
(TTF)Br nanowires were electrochemically deposited on a Pt film electrode using applied
potential of 0.20 V (vs Ag/AgCl) for 10 to 60 s in acetonitrile solutions containing 5.0 mM TTF
and 0.1 M TBAB. TTF is first oxidized into TTF+ ions, combines with Br- ions, and forms
randomly oriented crystals on Pt film electrode. Due to the interfacial crystalline energies of
different molecular structure, the morphology of (TTF)Br is primarily wire shape.95, 244, 257-258
Along the [001] direction, strong electrostatic bonding is responsible for the elongation of (001)
facet compared with the other facets, which results in the wire-shaped crystals on the Pt film. The
growth of (TTF)Br nanowires was monitored by chronoamperogram (figure 5-2). There are two
stages observed. The current increases to a large peak value (> 100 μA) and drop to a minimum
current of ~ 20 μA. After reaching the minimum current, the current increases nearly linearly with
time. Similar i-t behaviors in electrodepositions of (TTF)Br on gold electrodes were observed by
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Figure 5-2. Plot of anodic current as a function of time of electrodeposition of (TTF)Br nanowires on
a Pt film at 0.20 V vs Ag/AgCl in an ACN solution containing 5.0 mM TTF and 0.10 M TBAB.

Figure 5-2. Plot of anodic current as a function of time of electrodeposition of (TTF)Br nanowires on
a Pt film at 0.20 V vs Ag/AgCl in an ACN solution containing 5.0 mM TTF and 0.10 M TBAB.
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Ward and coworkers.256 The faster drop is caused by forming the electric field. The gradual
increase of current was the result of both (TTF)Br nucleation on Pt electrode and growth on tip
end of the (TTF)Br nanowires.259-261
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Figure 5-3. Electrodeposition of (TTF)Br crystals on Pt thin film electrodes at 0.20 V vs Ag/AgCl in
an ACN solution containing 5.0 mM TTF and 0.10 M TBAB. a) SEM images of (TTF)Br wires
obtained at deposition time of 10, 20, 30 and 60 s. All scale bars are 100 µm. b) The average length, c)
width, and d) aspect ratio (TTF)Br crystals as functions of deposition time (t).

Figure 5-3. Electrodeposition of (TTF)Br crystals on Pt thin film electrodes at 0.20 V vs Ag/AgCl in
an ACN solution containing 5.0 mM TTF and 0.10 M TBAB. a) SEM images of (TTF)Br wires
obtained at deposition time of 10, 20, 30 and 60 s. All scale bars are 100 µm. b) The average length, c)
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The (TTF)Br nanowires deposited on Pt thin film as shown in figure 5-3 a. It can only be
observed that the crystals become larger and more in the first 30 s. Quantitative analysis were done
to analysis the growth of (TTF)Br crystals on Pt thin film electrodes. Figure 5-3 b and c show that
the average size of (TTF)Br nanowires increases from 44 μm at 10 s to 271 μm at 60 in length, and
from 2.1 μm at 10 s to 7.2 μm at 60 s in width. The relative standard deviations are 30-65% in length and
34% in width. The random nucleation on the electrode surface makes the large distribution of (TTF)Br
nanowires in length and width.242, 260 The aspect ratio, which is the average ratio of length to width,
increases with time and reaches a maximum value of ~41 after 30 s, shown in figure 5-3 d. The orientations
of the (TTF)Br nanowires are also random which is also related to the random nucleation. Here it is clear
that the direct electrocrystallization of (TTF)Br nanowire on Pt film electrodes has large variations in both
length and width, maximum aspect ratio, and random orientation, which requires better control over them.

5.3.2 Electrodeposition of (TTF)Br Nanowires on a 25 µm Pt Micro-disk Electrode:
To address the challenges, a simple but effective solution using micro-disk electrode is
proposed. The deposition condition of (TTF)Br nanowire on micro-disk electrode was the same as
that of electrocrystallization on Pt film electrodes, i.e. applied potential 0.20 V vs Ag/AgCl for
~10 s in acetonitrile solution containing 5 mM TTF and 0.1 M TBAB. The growth of wire shape
(TTF)Br on the 25 μm micro-disk electrode are shown in figure 5-4. The (TTF)Br crystals formed
on the 25 µm Pt micro-disk electrode are randomly distributed at the initial of the nucleation (figure
5-4 0 s). Then the crystals elongated along the radius direction with a growth rate of ~8 μm/s
(figure 5-5a) until 10 s. The growth on the micro-disk electrode is more than 5 times higher than
that on Pt thin film electrode, which is ~ 1.5 μm/s (figure 5-3a). It is also clear that the standard
deviation of length of wire grown on micro-disk electrode, < 25%, is much small than that of wires
grown on Pt thin 262film electrode, which is 35-60%. This uniform growth was primary controlled
by the radial symmetry of the micro-disk geometry and kept till 10 s. Moreover, the average width
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of the wires was confined to ~1 μm with standard deviations of 27-50%, shown in figure 5-5 b. As
a result, the average aspect ratio increases linearly with the growth of the wires to a value of ~80
in 10 s (figure 5-5c). The resulted aspect ratio of wires grown from micro-disk electrode is 3 times
higher than that grown Pt film electrodes for 10 s and 2 times that of the limit value. When the
deposition period extended to 60 s, the average length and width are 493.1 μm and 5.9 μm,
respectively. During the deposition period, the wires kept growing longer. The width, however,
stayed unchanged at ~1 μm till 10 s, and then started to grow resulting in non-uniformity along the
wires. The shape of (TTF)Br nanowires were found to be feather shape at higher deposition
potential. The shape was related to the crystal structure, which will be discussed in chapter 7.

0s

2s

4s

6s

8s

10 s

Figure 5-4. Optical images of electrodeposition of (TTF)Br crystals on 25 µm Pt micro-disk electrodes
at 0.20 V vs Ag/AgCl in an ACN solution containing 5.0 mM TTF and 0.10 M TBAB obtained at
deposition time of 2, 4, 6, 8 and 10s. The scale bar is 100 µm and for all the images.

In addition, the cross-section profiles of (TTF)Br nanowires were also measured by using
Figure 5-4. Optical images of electrodeposition of (TTF)Br crystals on 25 µm Pt micro-disk electrodes
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image of (TTF)Br nanowire deposited on micro-disk electrode at 10 s is shown in figure 5-6a. The
height profiles, shown in figure 5-6b, show uniform trapezoidal cross-sections along the nanowires,
Figure 5-4. Optical images of electrodeposition of (TTF)Br crystals on 25 µm Pt micro-disk electrodes
at 0.20 V vs Ag/AgCl in an ACN solution containing 5.0 mM TTF and 0.10 M TBAB obtained at
deposition time of 2, 4, 6, 8 and 10s. The scale bar is 100 µm and for all the images.

Figure 5-4. Optical images of electrodeposition of (TTF)Br crystals on 25 µm Pt micro-disk electrodes
at 0.20 V vs Ag/AgCl in an ACN solution containing 5.0 mM TTF and 0.10 M TBAB obtained at
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Figure 5-5. Electrodeposition of (TTF)Br crystals on 25 µm Pt micro-disk electrodes at 0.20 V vs
Ag/AgCl in an ACN solution containing 5.0 mM TTF and 0.10 M TBAB. a) deposition current (black
solid line) and predicted current (red dashed line) as a function of time (t). The average length of
(TTF)Br crystal are shown in circles. b) average width, and c) aspect ratios of (TTF)Br crystals as
functions of deposition time (t).

which agrees with the previous report.257 The wire height is ~120 nm on average and the height to
Figure 5-5. Electrodeposition of (TTF)Br crystals on 25 µm Pt micro-disk electrodes at 0.20 V vs

o
width
ratioinisan
0.17
with
the dihedral
angle
between
the M
topTBAB.
and side
faces. Thecurrent
widths(black
of the
Ag/AgCl
ACN
solution
containing
5.0 120
mM TTF
and 0.10
a) deposition

solid line) and predicted current (red dashed line) as a function of time (t). The average length of

top and
bottom
of the
are 0.55
and 0.75
A of
constant
height
to as
width
(TTF)Br
crystal
arenanowire
shown in circles.
b)μm
average
width,μm,
andrespectively.
c) aspect ratios
(TTF)Br
crystals
functions of deposition time (t).

ratio, ~0.14, is observed for all (TTF)Br nanowires suggesting the top and side surfaces are at
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equilibrium state. However, the height to width ratio of (TTF)Br nanowires grown
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Figure 5-5. Electrodeposition of (TTF)Br crystals on 25 µm Pt micro-disk electrodes at 0.20 V vs
Ag/AgCl in an ACN solution containing 5.0 mM TTF and 0.10 M TBAB. a) deposition current (black
solid line) and predicted current (red dashed line) as a function of time (t). The average length of
(TTF)Br crystal are shown in circles. b) average width, and c) aspect ratios of (TTF)Br crystals as
functions of deposition time (t).
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Overall, using micro-disk electrode results in the evenly distributed (TTF)Br nanowires
along radial direction with a faster growth rate in the length direction than the width direction
promoting a higher aspect ratio. The (TTF)Br nanowires also show higher uniformity and constant
height to width ratio when grown on the micro-disk electrodes.
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Figure 5-32. a) AFM images and b) cross-section analysis of (TTF)Br crystal that were grown using a
25 μm diameter Pt MDE at 0.20 V vs Ag/AgCl in ACN for 10 s.

5.3.3 Electrodeposition of (TTF)Br Nanowires on Pt Micro-Disk Electrodes with Diameters
Figure 5-6. a) AFM images and b) cross-section analysis of (TTF)Br crystal that were grown using a
Less Than 25 μm:25 μm diameter Pt MDE at 0.20 V vs Ag/AgCl in ACN for 10 s.

The deposition of (TTF)Br crystals were then conducted on the Pt micro-disk electrodes
Figure 5-6. a) AFM images and b) cross-section analysis of (TTF)Br crystal that were grown using a
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nucleation sites on Pt electrodes. The lower limit of N was determined 3 or 4 when the electrode
diameter is smaller than 1.2 μm. This observed lower limit is higher than commonly observed
single nucleation site in nanometer scale.261, 264-265 This result can hardly be explained by the crystal
structure of (TTF)Br. It should be related to the nucleation mechanism and the mass flux of TTF
at the initial nucleation stage, which will be covered in the next session.
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Figure 5-7. Optical images of (TTF)Br crystals grown using Pt disk electrodes with diameters 0.2419.0μm. Electrodeposition conditions were 0.20 V vs Ag/AgCl in an ACN containing 5.0 mM TTF
and 0.10 M TBAB for 10 s.

Figure 5-7 Optical images of (TTF)Br crystals grown using Pt disk electrodes with diameters 0.2419.0μm. Electrodeposition conditions were 0.20 V vs Ag/AgCl in an ACN containing 5.0 mM TTF
and 0.10 M TBAB for 10 s.
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Above all, the uniform nucleation process is a disk size free process when diameters are
larger than 0.3 μm. A minimum number of 3 crystals were observed on Pt micro-disk electrodes
with diameters smaller than 1.2 μm, which is believed determined by the initial nucleation stage
of (TTF)Br nanowires.
5.3.4 Theoretical Study of Nucleation Mechanism on Micro-Disk Electrodes:
In order to understand the uniform growth of (TTF)Br and lower limit of N, in this section,
we are going to discuss how the Pt micro-disk electrodes promote the 1D crystallization of
(TTF)Br nanowires. The chronoamperometry of (TTF)Br on micro-disk electrode (figure 5-5 a)
shows a linear relation between the current and time. The increase in current is attributed to the
growth of (TTF) Br nanowires, which expands the electroactive area for TTF oxidation reaction.256
The maximum current can be interpreted using equation 5-1. 266
1

𝑖𝑚𝑎𝑥 = 𝑖𝑐𝑜𝑟𝑟𝑡𝑒𝑙𝑙 + 𝑖𝑠𝑡𝑒𝑎𝑑𝑦 𝑠𝑡𝑎𝑡𝑒

𝐷 2
𝑑𝑃𝑡
= 𝑛𝐹𝐴(𝑡)𝐶𝑇𝑇𝐹 ( ) + 4𝑛𝐹𝐷𝐶𝑇𝑇𝐹 (
+ 𝐿(𝑡)) , (5 − 1)
𝜋𝑡
2

where n is the number of charge transferred for oxidizing a TTF molecule (n = 1), F is the Faraday
constant, L(t) is the length of (TTF)Br nanowires as a function of time (t), dPt is the diameter of
the Pt micro-disk electrode, A is the electroactive area summation of the both micro-disk electrode
and (TTF)Br nanowire, (A = π(L + dPt/2)2), CTTF is the bulk concentration of TTF in solution, and
D is the diffusion coefficient of TTF (= 2.0 × 10−5 cm2/s).267 The predicted current is plotted in red
dashed line in figure 5-5 a, which overlaps with the experimental data in black solid line. This high
agreement reveals that the (TTF)Br crystallization process at 0.20 V is limited by the mass transfer
of TTF molecules to the micro-disk electrode rather than the oxidation reaction rate. The current
contributions from each composition are plot separated in figure 5-8. The electrocrystallization of
TTF on micro-disk electrode can be considered is at steady state since it composes over 80% of

63

the total current during the 10 s deposition. Therefore, the oxidation of TTF at the electrode was
limited by TTF mass transfer and at steady state, except some slight deviation before 2 s and after
8 s. The initial deviation may be the result of large TTF reactions on the micro-disk electrode when
the wires are relatively short. As the (TTF)Br nanowires proceeding longer, the conductive
(TTF)Br composition turns into nonconductive species, resulting in a decrease of the electro active
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Figure 5-8. Plots of iCottrell, isteady state, and the total current as a function of time calculated using
equation 5-1.

area.267 This effect will be talk in detail in the next chapter. In these two cases, the diffusions are
Figure 5-8. Plots of iCottrell, isteady state, and the total current as a function of time calculated using
equation 5-1.

different from our model.
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the simulated CTTF distribution on micro-disk electrode of different x-y planes along z axle from 100 μm to 100 μm. The thickness of TTF diffusion layer is close to 100 μm, comparable with the
size of the electrode. However, the CTTF between (TTF)Br nanowires is almost zero (figure 5-12
b) indicating the merge of depletion regions. The low concentration of TTF leads to a thinner
diffusion layer at its periphery than that near the center. Therefore, the jTTF is much lower along
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The simulated CTTF and jTTF at a 1.2 μm Pt micro-disk electrode are shown in figure 5-10.
The numbers of (TTF)Br nanowires, N, vary from 0 to 4. When N=0, the jTTF is symmetrical
Figure 5-0-51. Simulated CTTF (top) and jTTF (bottom) at 1.2 μm diameter Pt micro-disk electrode with
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Figure 5-9. a) Simulated steady-state CTTF distributions across evenly distributed x-y planes at −100
μm and 100 μm in z direction. b) Top view of the CTTF distribution of x-y plane at z=-100 μm. c)
Distribution of the magnitude of total TTF flux (jTTF) at the micro-disk electrode.
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the micro-disk electrode might promote the formation of new nuclei and growth of (TTF)Br
nanowires resulting in unfavored N. When N = 3 or 4, hotspots appear only on the tips of (TTF)Br
nanowires but not the micro-disk electrodes resulting in only growth of (TTF)Br nanowires and
favored N. However, more hotspots will appear on larger micro-disk electrodes due to the width
of (TTF)Br nanowires resulting in additional nucleation of (TTF)Br, i.e. N > 4 (figure 5-7). Thus,
the lower limit of wire density is 3 or 4.
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Figure 5-10. Simulated CTTF (top) and jTTF (bottom) at 1.2 μm diameter Pt micro-disk electrode with N
from 0 to 4.

5.4 Conclusions:

Figure 5-10. Simulated CTTF (top) and jTTF (bottom) at 1.2 μm diameter Pt micro-disk electrode with N
0 to 4.
In conclusion, a simple and effectivefrom
method
to control the fabrication (TTF)Br nanowires

using micro-disk electrode is proposed here. The (TTF)Br nanowire length standard deviation
decreases to less than 25% when using a Pt micro-disk electrode from 30-65% when using Pt film.
Figure 5-10. Simulated CTTF (top) and jTTF (bottom) at 1.2 μm diameter Pt micro-disk electrode with N
from 0 to 4.

The growth rate down the length direction on micro-disk electrode increases ~4 times compared
with that on Pt film, while the widths remains the same. The faster elongation along radial direction
Figure 5-10. Simulated CTTF (top) and jTTF (bottom) at 1.2 μm diameter Pt micro-disk electrode with N
from 0 to 4.
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resulted in overcoming the aspect ratio ~40 of (TTF)Br nanowires on Pt film. Analysis of
chronoamperogram of electrocrystallization reveals that mass transfer of TTF to the electrode is
the rate control step. The faster mass transfer rate at the tips of (TTF)Br crystals determines the
nanowire growth from the Pt micro-disk electrode. It is also noticed that when the diameter of Pt
micro-disk electrode is less than 1.4 μm, (TTF)Br nanowires reaches a minimum number of 3~4
per electrode. The minimum number is hypothesized to be determined by the TTF flux distribution
when (TTF)Br nanowire formed on the Pt micro-disk electrode. These features provide a new
approach for scalable nanowire sensor fabrication and reliable platform for making nanowirebased electronics.
Contributions from Xuecheng Yu to this work are doing CV measurements, AFM
measurements and data analysis.
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CHAPTER 6: ELECTROCRYSTALLIZATION OF CHARGE-TRANSFER
COMPLEXES ON LITHOGRAPHICAL ELECTRODE SUBSTRATES
6.1 Introduction:
In the past decade, metal oxide semiconductors, such as ZnO22, CeO2, SnO224, and Fe2O325,
have been applied towards gas detection as well as metal oxide based composites26-27. Metal oxide
semiconductor sensors show low limit of detection (LOD), good selectivity, and fast response. A
major disadvantage of these sensors is its elevated working temperature, generally higher than
100°C with some even operating at 700°C. The high temperature requirement brings high power
consumption and portability issues. The less common applied organic nanowires facing the
challenge of scalability31, though some materials have been proved capable of sensing applications,
such as polyaniline29, and carbon nanotubes20. To construct nanowire sensors, at least two distinct
steps are always required: nanowire synthesis in bulk and depositions to complete the sensor
circuitry. Advances in synthesis have significantly improve the quality and uniformity of
nanowires in bulk.9-12 However, large area assembly of individual nanowires to make functional
sensors remains a major challenge in manufacturing.8, 13 Promising strategies to overcome this
challenge utilize templates14, microfluidic flow9, layer-by-layer deposition16, and electromagnetic
fields17, 20-21. It is desirable to assemble nanowires with single-wire precision in one step and the
process is compatible with current semiconductor industrial processes.
The understanding of (TTF)Brx nucleation and growth mechanism is critical for sensor
manufacture. As mentioned in the previous chapters, (TTF)Brx stands for various compositions
and electric properties, where stoichiometric number x varies 0.5 to 1.0. 268 Three main structures
have been reported previously. (TTF)Br, when x=1, is known as a large band organic
semiconductor. The crystal structure is a monocation phase and shows layered TTF+ and Br-.
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(TTF)Br0.76 is the most well-known structure as an organic metal. The crystal structure is mixvalance phase and shows repeatable TTF+ and Br- layers with periodical missing Br-. It is notable
that 0.76 is the average number and used to symbolize the structure. (TTF)Br0.59 also shows high
conductivity. Its crystal structure is similar to (TTF)Br0.76 but the missing Br- shows no certain
pattern, always known as a disordered structure. However, no clear conditions were determined to
synthesis different phase (TTF)Brx using electrochemical methods.
In previous chapters, the electrocrystallization of charge transfer complexes on both AuNP
decorated HOPG and Pt micro-disk electrodes have been studied. The concepts of seed mediated
nucleation and nanoconfinement have been proved to be applicable to charge transfer complex
nanowire synthesis. The width of the nanowires can be determined by the size of nanoparticles.
The application of mass transfer method is used to promote the elongation of wires on micro-disk
electrodes. The lower limit of number of wires was studied experimentally and in theory simulation.
However, there are some questions remained. How will the applied potentials influence the
formation of charge transfer complex nanowires? Whether these methods are capable in making
nanowire sensors in one step? Will the substrates influence the formation of nanowires?
In this chapter, we will address these questions by using electrocrystallization for the direct
integration of the sensing elements, (TTF)Br nanowires or KCP, into the lithographical patterns.
The electrocrystallization was conducted in the electrolytic solution by applying a short potential
pulse to initiate the (TTF)Br nanowire growth from gold microelectrodes patterned on the silicon
oxide substrate. The growth of the (TTF)Br crystals was monitored by electrochemical methods
and the crystal morphology was studied by SEM. Compositions of the charge transfer complex
nanowires were determined by EDS attached to SEM.
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6.2 Experiments:
Materials:
TTF (97%), TBAB (98%), TBAPF6 (98%), acetonitrile (99.8%), ethanol (anhydrous),
acetone (anhydrous), ethyl acetate (anhydrous), and hexanes (≥ 98.5%) were purchased from
Sigma-Aldrich and used without further purification. Gold wires (0.5 mm), silver wires (0.1 mm),
and glassy carbon electrodes were purchased from Alfa Aesar and used after removing the
protective cover. Photoresists (Sherly 1813 and SPR 220), lift-off resist (LOR) 10B, developer
AZ-726, and remover PG were provided by the University of Michigan Lurie Nanofabrication
Facility (LNF). Ultra-high purity nitrogen and pre-mixed 200 ppm ammonia gas balanced by
nitrogen were purchased from Airgas. Deionized water (electric resistance ≥ 18.2 MΩ cm -1) was
supplied from a SMART2PURE unit from Thermo Scientific. Prime grade P-doped (110) silicon
wafers with 2 µm thermally grown oxide were purchased from University Wafers.
CV Measurements:
CV was used to determine the deposition conditions of (TTF)Br in acetonitrile. Solutions
studied contained up to 5 mM TTF, and up to 0.5 M TBAB or 0.5 M TABPF6. All the
measurements were performed using the 3-electrode system by 760E electrochemical workstation
from CH Instrument. A 3 cm gold wire was used as the working electrode. A 1 cm by 2 cm plate
glassy carbon was used as the counter electrode. An Ag/AgCl electrode in saturated KCl (SCE)
was used as a reference electrode, and a silver wire was used as the quasi reference electrode
(QRE). The CV measurements were run between -0.5 V and 1.0 V with a rate of 0.1 V/s.
SEM and EDS Analysis:
The morphology of (TTF)Br wires was characterized by field-emission SEM (JEOL JSM
7600F SEM). The SEM, equipped with an in-lens thermo electron gun and a γ-filter for detection,
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was operated at an acceleration volt-age of 5-15 kV, working distance of 8 mm, and probe current
of 76-84 μA. Elemental composition analysis of the nucleated (TTF)Br was conducted by the EDS
module attached to the JEOL SEM.
Electrode Substrate Preparation:
Sensor substrates containing Au electrode were prepared using a standard optical
lithography process. Si wafers with a 0.5 μm silicon oxide layer were cleaned and baked at 120 ℃
for 5 min to dehydrate. LOR 10B was spin coated at 4,000 rpm for 45 s followed by being baked
at 190 ℃ for 5 min. After cooling down, photoresist Shipley 1813 was spin coated at 4,000 rpm
for 30 s followed by being heated at 115 ℃ for 2 min. The deposited photoresist films were
exposed using 350 nm UV light with broadband 20 mW/cm2 for 5.5 s. The exposed films were
developed by rinsing in developer AZ-726 for 25 s. Metal films, 10 nm Cr and 200 nm Au, were
deposited by physical vapor deposition method. Lift-off process were done by soaking wafer in
remover PG overnight at room temperature and washing with isopropyl alcohol and DI water.
Electrochemical Deposition of (TTF)Br Nanowires:
(TTF)Br nanowire depositions were done by applying 0.35 V to 0.85 V for 40 s to 600 s.
The depositions were monitored by chronoamperometry. After deposition, the nanowires and
substrate were rinsed in ethanol to remove excess electrolytes and dried in air overnight.
6.3 Result and Discussions:
6.3.1 Concentration Effect on Electrochemical Deposition of (TTF)Brx Nanowires:
The concentrations of electrolytes are keys in understanding the crystallization process. As
shown in CV measurements of TTF (figure 5-1), TTF can be oxidized into TTF+ and TTF2+ in the
absence of Br- ions indicated by the two oxidation peaks at 0.53 V and 0.97 V (vs Ag/AgCl) and
equations 6-1 and 6-2.
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𝑇𝑇𝐹 → 𝑇𝑇𝐹 + + 𝑒 − , (6 − 1)
𝑇𝑇𝐹 + → 𝑇𝑇𝐹 2+ + 𝑒 − . (6 − 2)
The two corresponding reduction peaks appears at 0.35 V and 0.79 V, respectively. Figure 6-1 a
and b, CV were measured in acetonitrile solutions containing different concentrations of TTF and
TBAB. The peak current of oxidation increases with increasing of both TBAB and TTF
concentrations. But, the oxidation peak shifts towards lower potential when the concentration of
TBAB increases. This is explained by the formation of insoluble (TTF)Br nanowires. As TBAB
concentration increases, the peak current first increases, reaches a maximum at 0.05-0.1 M, and
then decreases, which agrees with previous report.256 The increase of the peak current is reasonable
due to the higher reaction rate and electrical conductivity. The decrease of peak current after the
maximum is possibly attributed to the expansion of bound layer in the outer Helmholtz plane with
excess Br-.
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6.3.2 The Effect of Applied Potential on Electrochemical Deposition of (TTF)Brx
Nanowires:
One of the key roles is played by the applied anodic potentials for deposition. Therefore,
the deposition of (TTF)Brx nanowires were carried out with the applied potentials at 0.35 V, 0.5

(a)
-1000
Current (A)

-2000

Current (A)

-800

-600

0

0.85 V
0.75 V
0

Time (s)

0.85 V

2

0.75 V

-400

0.65 V
-200

0.50 V
0.35 V

0
0

25

50

75

100

Time (s)

(b)

-5000

Current(A)

Stages
I & II

Stage
III

Stage
IV
imax

Stage
V
imin

-500

-50
0.01

0.35V
0.50V
0.65V
0.75V
0.85V

0.1

1

10

100

1000

t/tmax
Figure 6-2. Chronoamperograms of the electrodeposition of (TTF)Brx nanowires at applied potentials
of 0.35 V, 0.50 V, 0.65 V, 0.75 V and 0.85 V vs QRE in a) linear scale and b) semi-log scale.
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V (before the start of the oxidative peak), 0.65 V (inflection point), 0.75 V, and 0.85 V (oxidative
peak potentials). Due to dissolving of Au in the presence of Br-, no higher potentials were able to
conduct in this experiment. The currents of different applied potentials were plotted as a function
of time (chronoamperogram, figure 6-2a and b). The current amplitudes increase as the applied
potential increases, which is consistent with the CV measurements in figure 6-1. The
chronoamperogram show that the (TTF)Brx electrocrystallization undergoes five stages (figure 62b). The initial current spikes (stage I) and drops rapidly (stage II). Then a second more gradual
increase (stage III) and decrease (stage IV). After the two increases and decreases, the currents at
higher applied potentials will increase again (state V). The first two stages were caused by the
formation of the electric field. The gradual increase in stage III is attributed to the formation of
nuclei of electroactive (TTF)Br0.76 and the higher increasing rate is caused by a higher (TTF)Brx
deposition rate at higher applied potential. 256 After reaching imax, the current starts to decrease
(stage IV) which was observed by others and explained with two possible mechanisms.228, 256 The
first mechanism is based on the model of nucleation and diffusion-controlled growth. When the
conductive (TTF)Brx nuclei grew into sufficiently large, the spherical diffusion regions start to
merge and form a larger planar diffusion region, resulting in the decrease in the current. 269 The
other possible mechanism is that the current decrease is attributed to the formation of inactive
(TTF)Brx nuclei and exhaustion of nucleation sites on the electrode.256 The current increasing stage
V happens only to high applied potentials (>0.50 V) after imin in stage IV. The stage V is attributed
to the growth of conductive (TTF)Brx nanowires who brings in new effective electroactive area.
This stage was not observed for applied potentials of 0.35 V and 0.50 V in the 600 s experiment
period.
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nanowires and gold electrodes are weak due to the small contact area and mechanical property,
which requires extra care to be taken to not disturb the nanowires during rinsing and further
handling. The growth of the nanowires was studied by analyzing the dimensions of the nanowires.
A 10-15 times higher growth rate of length is observed compared with that of width growth rate,
which aggress with the growth on film electrodes. The wire morphology is caused by the
electrostatic bonding along [001] direction.245 At potential higher than 0.85 V, the wire
morphology becomes dendritic deposits, which is caused by the high concentration of TTF+ and
its large driving force for crystal growth.
6.3.3 Possible Nucleation and Growth Mechanisms of Electrocrystallization of (TTF)Brx
Nanowires:
Based on the observation above, it seems that a quick conclusion can be drawn as followed.
The monocation phase crystal, (TTF)Br, forms at lower applied potential, and the mix-valance
phase crystals, (TTF)Br0.76 and/or (TTF)Br0.59, will form at higher applied potentials. In another
way, the monocation phase is thermo favored and the mix-valance is kinetically favored, which
also agrees with previous research. However, the obvious shortcoming of this mechanism is that
it cannot give a well explanation of different trends at stage IV and V, and the mismatch observed
after 8 s in the Pt micro-disk electrode (figure 5-8).
A nucleation and crystal growth mechanism for (TTF)Brx nanowires is proposed here. In
the initial of the growth, TTF+ ions are electrooxidized from TTF molecules on the electrode
surface, combined with neutral TTF and Br- ions and formed mix-valance (TTF)Br0.76 nuclei after
reaching supersaturation, i.e. equation 4-4 with x=0.76). Since (TTF)Br0.76 is conductive, the
newly formed nuclei can act as electroactive surface, which explains the gradual increase current
in stage III. During the growth of (TTF)Br0.76, another slow solid-solid phase transformation starts
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to happen. The conductive mix-valance (TTF)Br0.76 become monocation (TTF)Br1.0, which has a
conductivity close to insulator. The solid-solid phase transformation has been reported on TTFbased crystal in aqueous solution containing Br-.270-271 This reaction/transformation depends only
on the solution but not the applied potentials. The formation of the low conductive phase reduces
area of the electroactive surface, resulting in a decrease in current (observed in stage IV and
mismatch in figure 5-8). Here, at the same time, two reactions happen, compete with each other
and determine the composition of (TTF)Br nanowires. Since the formation rate of (TTF)Br0.76
depends on applied potentials, the composition of (TTF)Br nanowires is also a function of the
electrochemical pulse. At high potentials, the fast kinetics of TTF electrooxidation favors the
growth of (TTF)Br0.76 rather than the solid-solid phase transformation. Thus, the current increases
during stage V at 0.75 V and 0.85 V. However, for low potentials, the faster solid-solid phase
transformation coverts the newly formed electroactive (TTF)Br0.76 into (TTF)Br1.0, which causes
a lower growth rate and higher stoichiometry number at 0.35 V and 0.50 V. This also agrees with
the first oxidation peak in figure 6-1, which is ~0.65 V.
6.4 Conclusions:
Here we can draw conclusion that the nucleation and growth of the nanowires are
controlled by the electrolyte concentrations and the applied potentials. By using different applied
potentials, two types of (TTF)Brx nanowires, monocation and mix-valance, were deposited on to
the electrode substrate. At low applied potentials at 0.35 V, the major crystal phase is monocation
crystal with composition of (TTF)Br1.0. While at a higher applied potential of 0.85 V, the
conductive mix-valance nanowires with composition (TTF)Br0.76 are produced. A possible method
is therefore provided for (TTF)Br nanowire sensor fabrication.
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All the data in this was obtained by Xuecheng Yu. Analysis was done by Xuecheng Yu
and collaborators.
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CHAPTER 7: SUBSTRATE-DIRECTED SYNTHESIS OF (TTF)BR AND
KCP FOR GAS DETECTIONS
7.1 Introduction:
As introduced in the previous chapter, the global sensor market is and will be increasing in
a high rate in the coming years.1 However, the contribution of nanosensors contribute less than 1%
of the total market in 2019. 2 A major bottleneck for nanosensor commercialization is a lack of
scalable manufacturing methods. The two-step construction strategy, synthesis in bulk and
deposition on site, brings extra issues in sensor integration and construction. Though new advances
have improve synthesis and deposition dramatically6-8 , new approaches are still needed as singlestep on-site synthesis or deposition.
Nanowires are higher considered are the building block for next generation ultra-sensitive
and ultra-fast chemical sensing materials.3, 44, 272-273 Major applied one-dimension materials in
previous researches are the inorganics, like such as ZnO22. These materials have low LOD, good
selectivity, and fast response. The high operating temperature brings issues in portability of
instrument and power supply to maintain the operation. Organic materials offer ease of processing
and low cost but are not widely used.274-275 Only polyaniline29, and carbon nanotubes20 have been
studied in sensing applications. Manufacture methods, both synthesis and depositions, are needed
for applications of various organic nanowires.
Ammonia, due to its increased agricultural and industrial production, is becoming a new
environmental threat. For example, studies of smog in Salt Lake City has shown ammonia to be
one of the major contributors. 242-243 The time-weighted averages (TWA) recommended exposure
level (REL) of ammonia is 25 ppm for long term and 35 ppm for short term according to the
National Institute for Occupational Safety and Health (NIOSH). 276-278 Therefore, the requirements
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of ammonia gas sensor are high sensitivity, selectivity, fast response, portability and low power
consumptions. The nanowire resistor is one of the best configurations to achieve the goal.
In this session, the application of single-step deposition of charge transfer complex will be
studied as the sensor manufacture process. The fabricated sensors will be tested in gas sensing,
including sensitivity, selectivity and response time. Furthermore, the sensing mechanisms will also
be discussed for the improvement of the sensors.
7.2 Experiments:
Materials:
TTF (97%), TBAB (98%), acetonitrile (99.8%), ethanol (anhydrous), acetone (anhydrous),
ethyl acetate (anhydrous), and hexanes (≥ 98.5%) were purchased from Sigma-Aldrich and used
without further purification. Gold wire (0.5 mm diameter, 99.999%), silver wire (0.25 mm
diameter), and glassy carbon (type 2) were purchased from Alfa Aesar and used after removing
the protective cover. Photoresists, lift-off resist (LOR) 10B, developer AZ-726, and remover PG
were provided by the University of Michigan Lurie Nanofabrication Facility. Ultra-high purity
nitrogen and pre-mixed 200 ppm ammonia gas balanced by nitrogen were purchased from Airgas.
Deionized water (electric resistance ≥ 18.2 MΩ cm-1) was supplied from a SMART2PURE unit
from Thermo Scientific. Prime grade P-doped (110) silicon wafers with 2 µm thermally grown
oxide were purchased from University Wafers.
Sensor Substrate Preparation:
Sensor substrates containing Au electrode patterns were prepared using the standard optical
lithography process introduced in session 6.2. All the above steps were carried out at the LNF.
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Electrochemical Deposition of K(def)TCP (TTF)Br Nanowires:
K(def)TCP nanowires were deposited onto the photolithographic substrate using an anionic
pulse 1.5 V for 300 s. (TTF)Br nanowires were deposited onto the sensor substrate with the
lithographic pattern using chronoamperometry (Step e in Figure 6-1). The deposition potential
varied from 0.35 V to 0.85 V and lasted for 40 s to 600 s. After depositions, the substrate was
rinsed in ethanol to remove excess electrolytes. The substrate was dried in air overnight before use.
Gas Sensing Measurements:
The sensors were placed in a homemade plexiglass chamber that closes tightly around the
substrate. The target gases were diluted by a carrier gas to a predetermined concentration and
passed through the chamber over the substrate, shown in figure 3-1. The chemical vapors were
generated by bubblers and the concentration, C, was calculated by equation 3-1. These experiments
were carried out at the ambient pressure and 23°C. The concentration of ammonia was adjusted
by the flow rates set by mass flow controllers. The flow rate in the chamber was fixed at 100 sccm.
The sensing signal is determined as the change if real part of impedance of the sensor upon
exposure to the target gas using a two-probe configuration. The signal (S) is defined in equation
7-1:
S(R) =

∆R
, (7 − 1)
𝑅0

where ΔR is the change of the real part of the sensor’s impedance upon exposure to the target gas
and R0 is the real part of the impedance value in the carrier gas. Here only the real part of
impedance is used to simplify the process. The resistance signal was collected by applying an AC
signal with an amplitude of 50 mV and a frequency of 2 Hz at zero DC bias using CHI 760E
electrochemical workstation.
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Electrochemistry:
All the electrochemical reactions were performed using the three-electrode system with a
CHI potentiostat. Pt micro-disk electrodes were used as working electrodes, and a 0.5 mm thick
Pt wire was used as the counter electrode. An Ag/AgCl electrode in saturated KCl was used as the
reference electrode because it has been reported to be one of the most stable reference electrodes
in acetonitrile solutions. 279
SEM and DES analysis:
The morphology of (TTF)Br wires was characterized by field-emission SEM (JEOL JSM
7600F SEM). The SEM, equipped with an in-lens thermo electron gun and a γ-filter for detection,
was operated at an acceleration volt-age of 5-15 kV, working distance of 8 mm, and probe current
of 76-84 μA. Elemental composition analysis of the nucleated (TTF)Br was conducted by the EDS
module attached to the JEOL SEM.
7.3 Results and Discussions:
7.3.1 K(def)TCP Sensing Behavior and Mechanism:
K(def)TCP Sensing Performance:
The electrochemical deposition of K(def)TCP nanowires on the photolithographic
electrode were carried out by applying 1.5 V for 300 s in aqueous solution containing 0.3 M
K2Pt(CN)4. One of the electrodes on the pattern was connected to the working electrode and a Pt
wire was used as the counter electrode kept in solution. The electrochemical reaction on the
working electrode is the partial oxidation of Pt atom in the KCP complex, shown in equation 4-5
in chapter 4-2. The electrooxidized nanowires crosslinked the electrodes on the pattern and
functioned as interconnects for the chemiresistive sensing materials, shown in figure 7-1. The
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Figure 7-1. a) optical image of comb shape electrode on glass. b) K(def)TCP nanowires deposited on
the optical lithographic pattern.

average length and width of the nanowires are 53.1 µm and 2.1 µm respectively, resulting in a
Figure 7-1. a) optical image of comb shape electrode on glass. b) K(def)TCP nanowires deposited on
the optical lithographic pattern.
length to width ratio of 25.3.

The sensor performance was tested using the method shown in experimental section.
Figure 7-1. a) optical image of comb shape electrode on glass. b) K(def)TCP nanowires deposited on
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Figure 7-2. (a) dynamic responses of the K(def)TCP sensor towards a) different vapors, b) repeated
water vapor and dry air cycles, and c) different water vapor concentrations.
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responses of the K(def)TCP sensor towards a) different vapors, b) repeated water vapor and dry air
cycles, and c) different water vapor concentrations.

Figure 7-2. (a) dynamic responses of the K(def)TCP sensor towards a) different vapors, b) repeated
water vapor and dry air cycles, and c) different water vapor concentrations.
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K(def)TCP Sensing Mechanism:

Figure 7-3. KPFM image of capacitance of K(def)TCP nanowires.
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electrical behavior of the nanowires when they are exposed to N2 and water molecules. The
Figure 7-3. KPFM image of capacitance of K(def)TCP nanowires.
K(def)TCP nanowires/crystals
were deposited onto HOPG substrate using the same deposition

condition as sensor fabrication. Regardless of the nanowire size and shape, K(def)TCP show
Figure 7-3. KPFM image of capacitance of K(def)TCP nanowires.
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size dependent was observed for this trend (shown in figure 7-4 b) for the nanowires ranging 100Figure 7-3. KPFM image of capacitance of K(def)TCP nanowires.
2000 nm. The conductance-based
nanowire sensing mechanism is usually attributed to the change

in carrier concentration due to the molecular physical adsorption to the surface. Water molecules
Figure 7-3. KPFM image of capacitance of K(def)TCP nanowires.
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Figure 7-3. KPFM image of capacitance of K(def)TCP nanowires.

Figure 7-3. KPFM image of capacitance of K(def)TCP nanowires.
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b

Figure 7-4. Dynamic surface potential change of K(def)TCP when exposed to the water vapor a) in
average and b) of different size.

1-D conductors, like K(def)TCP nanowires, another electronic conductivity increase mechanism
Figure 7-4. Dynamic surface potential change of K(def)TCP when exposed to the water vapor a) in
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Figure 7-4. Dynamic surface potential change of K(def)TCP when exposed to the water vapor a) in
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molecular simulation. The separation distance of Pt-Pt is the primary factor which the conductivity
of K(def)TCP nanowires depend on.283-284 The planar [Pt(CN)4]1.75- complex groups stack along c
Figure 7-4. Dynamic surface potential change of K(def)TCP when exposed to the water vapor a) in
average and b) of different size.

Figure 7-4. Dynamic surface potential change of K(def)TCP when exposed to the water vapor a) in
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axis. The ionic bond between K+ and CN-1 and the hydrogen bond between water and CN-1 stabilize
the stacks and promote the zigzag distribution of the Pt chain configuration. The hydrogen bond
changes the torsion angles between [Pt(CN)4]1.75- ions and further increases the Pt-Pt separation
distance. Water molecules are rich on the surface of the crystal along the (100) facet (figure 7-5)
and will compete with the lattice water molecules for hydrogen bonding with CN- and K+ ions.
This change, therefore, will change the attractive force among Pt atoms along the chain direction
at near surface. Thus, the distortion of the chain and the distance between Pt-Pt atoms will be
reduced (figure 7-5). The overall effect is an increase in the conductivity of K(def)TCP nanowires.
Since this process happens only on the adsorbed water molecules, the outer layer of water
molecules will present much lower interaction with the surface ions of the crystal. Therefore, the

Figure 7-5. Pt–Pt chain distortion change due to interactions in the absence (up) and with water
molecules adsorbed (bottom) at the crystal surface.

Figure 7-5. Pt–Pt chain distortion change due to interactions in the absence (up) and with water
molecules adsorbed (bottom) at the crystal surface.
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impedance change will reach maximum after the first layer adsorption, i.e. the surface limiting
response.
7.3.2 (TTF)Br Sensing Behavior and Mechanism:
(TTF)Br Sensor Fabrications and Sensing Performance Characterization:
According to the discussion in chapter 6-2, five sensors were fabricated by applying 0.35
V for 600 s (S0.35), 0.50 V for 600 s (S0.50), 0.65 V for 200 s (S0.65), 0.75 V for 100 s (S0.75), and
0.85 V for 40 s (S0.85). Sensors were exposed to 10 ppm ammonia vapor for two on/off cycles of
10 min each to determine their ammonia detection ability. The real part of the impedance was
taken as signal and recorded at 2 Hz with 50 mV amplitude at 0 V bias (figure 7-6). S0.35 and S0.50
show negative response and S0.85 show positive towards ammonia. S0.50 show a much smaller
response towards ammonia than that of S0.35. The reason is that both sensors have similar (TTF)Br
composition but S0.50 has nanowires of larger size, as discussed in chapter 6-2. The signals obtained
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Figure 7-632. Dynamic responses of sensors with different fabrication conditions towards 20ppm
ammonia on and off cycles.

Figure 7-6. Dynamic responses of sensors with different fabrication conditions towards 20ppm
ammonia on and off cycles.
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by S0.65 and S0.75 were not stable in the presence of ammonia, which could be caused by the mixed
crystal structure and composition.
In order to understand reason of why theses sensors have different sensitivity, the
dimensions were measured of nanowires on the sensors. Nanowires deposited by different applied
potentials were found to have similar aspect ratio, L/W, with values ~16.5. However, the width of
nanowires were determined to be 0.4 ± 0.1 µm, 2.4 ± 1.0 µm, 2.7 ± 1.0 µm, 1.3 ± 0.2 µm, and 0.7
± 0.3 µm of S0.35, S0.50, S0.65, S0.75 and S0.85, respectively. The conductance of a semiconductor can
be presented in question 7-2.
𝐺0 = 𝑛0 𝑒 𝜇

𝑊∙𝐻
, (7 − 2)
𝐿

where G0 is the conductance of (TTF)Br nanowires in N2, n0 is the major electric carrier
concentration, e is the charge of one carrier, µ is the mobility of the major carrier, W, H and L are
the width, height and length of (TTF)Br nanowire, respectively. As shown in our previous research,
the cross section of (TTF)Br nanowires are trapezoids. The ratio between the top and bottom
surface are ~0.6 and height to width are ~0.2.

229

The nanowires on Au electrodes, as measured

above, have a close length to width ratio of ~16.5. Here these two approximations are used to
determine the size of the nanowires and we can develop a new equation 7-3.
𝐺0 ≈ 0.0096 𝑛0 𝑒 𝜇 𝑊. (7 − 3)
As discussed in chapter 2, the signal of semiconductor sensors is related both the original and the
change of carrier concentrations, shown in equation 2-22. Since the carrier concentration change
happens mainly on the surface, the size of nanowires is critical to the sensitivity. Measured by
EDS, it is known that S0.35 an S0.50 have same chemical composition. The widths of nanowires on
S0.35 and S0.85 are ~0.4 µm and ~0.7 µm, respectively. The higher sensitivity of S0.35 is mainly the
result of smaller size of nanowires.
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However, the size does not explain the difference of sensitivity of sensor S0.35 and S0.85.
There are two other variables to be considered, mobility and initial carrier concentration. Though
mobility of (TTF)Br and (TTF)Br0.75 are not reported, organic electrical materials always have an
electrical mobility of 0.01~10 cm2 V–1 s-1, and electrons (n type) have a higher mobility than holes
(p-type). When the two (TTF)Br and (TTF)Br0.75 were exposed to ammonia, an n-type analyte, the
two sensing materials show decreases and increases in resistivity, respectively. This phenomena
says (TTF)Br is an n-type equivalent semiconductor and (TTF)Br0.75 is p-type equivalent. The
conductivity of (TTF)Br0.75 is ~820 Ω-1cm-1. The conductivity of (TTF)Br is over 13 orders of
magnitude lower than that of (TTF)Br0.75.285-286 Thus, the carrier concentration of (TTF)Br is much
lower than that of (TTF)Br0.75. This explains why sensitivity of (TTF)Br is much higher than that
of (TTF)Br0.75. The high mobility of major carrier of the crystal phase results in the lower
sensitivity towards ammonia. S0.65 and S0.75 show low sensitivity and high noise due to their large
size of nanowires and their mixed crystal composition.
Considering the nanowire composition and the responses towards 10 ppm ammonia, S0.35
and S0.85 were chosen for further study. Next, the concentration dependent ammonia gas sensing
measurements were carried out to determine the detection limit and sensitivity of the nanowire
sensor assemblies. The two sensors were tested in 2-50 ppm ammonia. For both sensors, their
responses increase as the ammonia concentration increases (figure 7-7a). S0.85 shows positive
response towards ammonia and the responses increase rapidly and reach a steady state value. The
response time, which is the time of 90% change, is 151 s (figure 7-7c). In the case of S0.35, the
responses first decrease rapidly, and slow increases follow (signal reversal or recovery). The rate
of the reversal accelerates as the ammonia concentration increases. The response time of S -0.35 is
65 s (figure 7-7d), which is calculated from 2 ppm ammonia signal where the slow increase is
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Figure 7-7. a) dynamic and b) concentration dependent responses and of sensor S0.35 (black) and S0.85
(red) towards 2-50 ppm ammonia, respectively. Response times of c) S0.35 and d) S0.85 towards 2 ppm
and 20 ppm ammonia, respectively.
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where σ and m are the standard deviation of the baseline fluctuation and slope of the calibration
curve.
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Figure 7-8. Responses and of sensor S0.35 (black) and S0.85 (red) towards various solvent vapors.

The selectivity of the two sensors were tested by exposing to 50 ppm ammonia vs. 500

Figure 7-8. Responses and of sensor S0.35 (black) and S0.85 (red) towards various solvent vapors.
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Figure 7-47. Dynamic responses of sensor a) S0.35 and b) S0.85 towards 2-50 ppm ammonia in the
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The Humidity Effect on Ammonia Sensing of TTF Nanowire Sensors:
Water vapor is well known as an interferent gas in ambient air due to its abundant and high
concentration. The presence of water molecules limits the detection of most chemiresistive
ammonia sensors (sensor 54,55). Here the performance of ammonia sensing of the two sensors,
S0.35 and S0.85, were tested in the presence of different relative humidity levels at 24 ℃. Figure 79a shows the response of S0.35 towards 2-50 ppm ammonia in the presence of 0-50% relative
humidity as a function of time. The resistance of S0.35 becomes lower as the relative humidity
increases. The sensor responses towards water vapor decrease sharply and ultimately reach steady
state values. For low relative humidity, <10%, the sensor follows a similar trend to ammonia alone.
The detection limit of ammonia for S0.35 is in the range of 0.63-0.79 ppm at this level relative
humidity. The sensitivity of the sensor towards ammonia decreases when the relative humidity
increases. When the relative humidity increases to 10% or higher, sharp peaks were observed when
the ammonia flows were cut off. The sensitivity will be much lower and detection limit of ammonia
is in a range of 1.4-5.2 ppm, at this relative humidity level. Figure 7-9b shows the response of S0.35
towards 10-50 ppm ammonia in the presence of 0-50% relative humidity as a function of time. The
reason of higher ammonia concentration is due to S0.85 lower response towards ammonia and lower
selectivity towards water vapor. For S0.85, the responses towards water vapor show gradual
increases. At 20% or higher relative humidity, the responses towards ammonia did not show up,
which is due to the high drift in the baseline with water vapor. At 30% relative humidity, a dip in
the signal presented when exposed to 20 ppm or higher concentration of ammonia. At 50% relative
humidity, the same signal decrease was observed towards ammonia at as low as 10 ppm.
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Here two different sensor responses towards ammonia were observed with the presence of
humidity. In the case of S0.35, the humidity increasement lowers the sensor performance towards
ammonia detection. While in the case of S0.85, the ability to detect ammonia becomes lower at
lower relative humidity and improves in the presence of significant amount of water vapor.
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Figure 7-9. Dynamic responses of sensor a) S0.35 and b) S0.85 towards 2-50 ppm ammonia in the
presence of 0-50% relative humidity.

Discussion of the sensing mechanism:
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0.85 V, have the composition of (TTF)Br0.76 who has a high conductivity (baseline resistance ~30
kΩ). In the case of the insulating (TTF)Br nanowires, the electron donation from the adsorbed
reducing gases will increases the carrier concentration and the oval conductivity of the nanowires,
which is observed as a decrease in impedance when nanowires on S0.35 were exposed to ammonia
and water vapor. In contrast, the nanowires deposited at 0.85 V are conductive with the
stoichiometry of (TTF)Br0.76. The reducing gas molecules, ammonia and water, will neutralize the
positive charges of the nanowires and reduce the intermolecular charge transfer, which causes the
overall increase in impedance. We assume that the response of the (TTF)Br nanowire sensor is
proportional to the electron donating ability of the analytes. Both water and ammonia molecules
are strong electron donating agents in their neutral form. In the presence of water molecules, the
adsorbed ammonia molecules will protonate as shown in equation 7-7.
+
−
𝑁𝐻3(𝑎𝑑𝑠) + 𝐻2 𝑂(𝑎𝑑𝑠) ↔ 𝑁𝐻4(𝑎𝑑𝑠)
+ 𝑂𝐻(𝑎𝑑𝑠)
. (7 − 7)

After the protonation, water molecules become OH- ions, which is also capable of donating
electrons to (TTF)Br nanowires. However, the adsorption ammonia molecules become NH4+,
which is no longer an electron donation agent. For sensor S0.35, the electron donation from
ammonia molecules is reduced after being protonated, which result in the gradual electrical
resistance increase after the initial quick drop, shown in figure 7-12 and 7-15a. The protonation
process of ammonia occurs faster and lower ammonia concentration as the relative humidity
increases, shown in figure 7-15a. At 0% relative humidity, the protonation can also be observed,
which is due to the persistent water layer on the (TTF)Br nanowire surface. On the other hand,
NH4+ ions also attract the adsorbed molecules, with NH4+: H2O ~1:4

291

, forming hydrated ions

and make the electron donation capability of water molecules even lower. This effect may
contribute the improved sensitivity towards ammonia at 50% relative humidity of S0.85. A similar
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sensing mechanism was proposed for metal-organic framework sensor towards ammonia operating
at high relative humidity.289 The experimental data suggest that while the insulating (TTF)Br1.0
nanowire responds more to the presence of only ammonia than that of the conductive (TTF)Br0.76
nanowires. However, the ammonia recognition capability was improved by (TTF)Br0.76 nanowires
with the increasing humidity. The provided mechanism proposes a type of sensitive ammonia
sensors specifically for operating in air with high relative humidity.
7.4 Conclusions:
In this chapter, K(def)TCP and (TTF)Br nanowire sensors were fabricated by single step
electrodeposition onto the optical lithographic patterns. K(def)TCP nanowire sensor show higher
sensitivity for analytes with dipole moment. The sensor reaches a saturation state when the analyte
concentration exceeds 0.01 M, which is different from the linear to exponential response based on
previous research.292-293 The possible sensing mechanism was suggested involving surface
molecular adsorption, hydrogen bonding interaction and crystal distortion. Two types of (TTF)Br
nanowire sensors, monocation and mix-valence, were fabricated by varying the applied potentials.
Both types of sensors can detect ammonia as a typical chemiresistive sensor behavior, i.e. sensor
signal increases at higher ammonia concentration. The monocation type sensor shows a decrease
in electrical resistance when exposed towards analytes, while the mix valence type sensor shows
an increase in resistance at a much lower amplitude. The mix valence type sensor shows itself a
better sensor for ammonia detection in humid air as its response can be enhanced by the presence
of significant high amount of water vapor.
This work contributes a new scalable method to make nanowire sensors for both charge
transfer complexes and Krogmann’s salts and different sensing mechanisms of different types of
nanowires for various analyte detections with fast response time.
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Contributions from Xuecheng Yu to this work are sensor performance characterizations,
part of KPFM measurement and data analysis.
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CHAPTER 8: CONCLUSIONS AND FUTURE WORK
8.1 Conclusions of the Dissertation:
This dissertation first reviewed important topics in this research, including seed-mediated
nucleation theory, and one-dimension materials, fabrication approaches and applications. Then,
several important characterization methods were introduced, including AFM, SEM,
electrochemical methods and sensing performance test.
Electrocrystallization of charge-transfer complexes on AuNP-decorated HOPG electrode
studied the deposition of AuNPs and charge-transfer salts, including (TTF)Br and K(def)TCP. The
shape and size of deposited AuNPs on HOPG are primarily determined by the concentration of
HAuCl4, together with applied deposition potential and time. The deposition of charge-transfer
complex nanowires, both (TTF)Br and K(def)TCP, were confined by the size of AuNPs deposited
on HOPGs with different coefficients. The aspect ratio and composition of the nanocrystals were
the same as the bulk materials.
Electrocrystallization of charge-transfer complexes on micro-disk electrodes revealed the
mass transfer-controlled process of nucleation on Pt micro-disk electrode with 0.2 ~25 µm
diameter. The 0-10 s growth on the Pt micro-disk electrode was found ~4 times faster in length
with higher aspect ratio. The lower wire density was determined 3-4 wires/disk on the electrode
with diameter of less than 1.2 µm. The mass transfer condiment of these growth was determined
by theoretical and simulation study.
Electrocrystallization of charge-transfer complexes on optical lithographical patterns
studied the composition of (TTF)Br charge-transfer complex nanowires as a function of the applied
potential. It was found that lower applied potentials led to the formation of (TTF)Br, the
monocation phase, and higher applied potentials promoted the mix-valance phases, (TTF)Br0.76
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and (TTF)Br0.59. The mechanism of nucleation and growth was proposed as a competition of
formation of mix-valance phase and the solid-solid phase transition from mix-valance phase to
monocation phase.
Finally, the substrate-directed synthesis of charge-transfer complex nanowires for sensing
application studied their sensing performance obtained by electrocrystallization. K(def) sensors
show higher sensitivity towards polar molecules. (TTF)Br sensors show two different sensing
behaviors according to their compositions. Both monocation phase and mix-valance phase show
<1 ppm ammonia detection ability. The mix-valance phase, (TTF)Br0.76, show potentials of
distinguishing ammonia from water vapor due to its unique sensing mechanism. Sensing
mechanisms were proposed for the sensing materials. K(def)TCP performed based on the
difference of overlapped Pt-Pt chain towards analytes. (TTF)Br sensors signals were from the
surface adsorption and/or protonation of analytes. This study proves the possibility of application
of single-step on-site deposition of organic sensing materials and provides a new approach for
nanowire synthesis.
8.2 Future Work:
In the second project, electrocrystallization of charge-transfer complexes on micro-disk
electrode, the only shape of electrodes was round. As indicated by seed-mediated nucleation theory,
local curvature can vary the size of the new crystal phase. Small local curvature may not be favored
due to the high interfacial tension. From the simulation result of micro-disk electrode, nanowires
initiates nucleation or growth from the “hot-spot”. If sharp corner presents, it will have both small
local curvature and “hot-spot”. By manipulating these two factors, it is possible to confine the
nanowire width, initial spot and direction. To achieve this goal, optical or e-beam lithography
needs to be employed to make the highly defined pattern.
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Since both size, orientation and density of nanowires can be controlled, it is worthy to use
all this information to fabricate sensors with only few high aspect ratio wires. The design will be
electrode with one micro-disk in the center and one ring surrounding. Even single nanowire sensor
is promising by covering parts of the electrode, which will bring more understandings towards
sensing mechanism of charge-transfer complex.
Charge-transfer complexes include various compositions. Different chemical structure can
different sensitivity and selectivity. It is well worthy to screen sensing performance of different
combinations of anion and cations. Sensor array, then, is also a promising strategy to further
enhance the selectivity of charge-transfer complex nanowire sensors.
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ABSTRACT
SEED-MEDIATED CRYSTALLIZATION OF CHARGE-TRANSFER COMPLEX AND
THE APPLICATIONS FOR GAS SENSING
by
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August 2020
Advisor: Dr. Guangzhao Mao
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Degree: Doctor of Philosophy
The dissertation focused on controllable seed-mediated nucleaton of charge transfer
complex, namely tetrathiafulvalene bromide ((TTF)Br) and Krogmann’s salts (KCP), and their
applications in sensing. On gold nanoparticle (AuNP) decorated highly oriented pyrolytic graphite
(HOPG) substrate, the presence of AuNP promotes the formation of charge transfer complex
nanowires. The size of these nanowires, both (TTF)Br and KCP, were found to be confined by the
size of AuNPs, shown by SEM and AFM characterization. On micro-disk electrodes, charge
transfer complex nanowires were found to own a linear time dependency, by both SEM and insitu optical microscopy. The micro-disk electrodes promoted higher crystallization rate and a
higher length to width ratio, comparing with nucleation of charge transfer complexes on plate
electrodes. Micro-disk electrodes of different size allow growth of different number of nanowires,
where lower limit number on one micro-disk electrode was found 3-4. A higher uniformity of the
nanowire deposition was achieved on the micro-disk electrode. By varying the deposition
potentials, the compositions and crystal structures of (TTF)Br nanowires will vary accordingly. In
summary, higher deposition potential promote higher deposition rate but lower Br to TTF ratio.
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The deposition mechanism was proposed as a competition between formation of mix-valence
phase (TTF)Br, which is sensitive to deposition potential, and a solid-solid phase transition prosses
in solution, which is independent from the deposition potential. Sensors were prepared by
electrocrystallization at various conditions. The performance of the sensors was tested by exposing
the sensors to different gases and recording impedance change at the same time. (TTF)Br nanowire
sensors show >1 ppm detection limit towards ammonia gas and fast response at room temperature.
KCP sensors were found to be a good humidity sensor, with > 1% relative humidity detection limit
and high reproducibility. Selectivity were found to be related with the polarity. Sensing
mechanisms were proposed to be related to surface adsorption and crystal structure change or
surface protonation.
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